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INTRODUCTION 
Prostate cancer is the most commonly diagnosed malignancy and second leading cause of cancer-related 

death in men in the United States.  The lack of treatment for “worried well” patients with high-grade prostatic 
intraepithelial neoplasia (HGPIN) combined with issues of recurrence and hormone resistance in prostate cancer 
survivors remains a major public health obstacle.  Consequently, there is a strong need for mechanism-based 
naturally occurring or synthetic agents that can inhibit the development and/or progression of prostate cancer.  
Epidemiological data has showcased the protective role for selenium against prostate cancer and a convincing 
case for its potential use as a chemopreventive agent was made after secondary analyses of the Nutritional 
Prevention of Cancer trial reported a 63% reduction in prostate cancer incidence in selenized-yeast 
supplemented individuals (1).  However, clinical data from studies aimed at examining the effects of selenium 
supplementation on prostate cancer incidence remain controversial or have yet to be reported (2,3).  Still, there 
is a wealth of preclinical data illustrating the inhibitory effects of various forms of selenium in preclinical 
models of prostate cancer (reviewed in 4).  These studies highlight the ability of selenium to modulate cellular 
processes and molecular targets that are critical in prostate cancer development and progression (4).  Based on 
this we propose that selenium compounds should be further explored for the treatment or management of 
prostate cancer in later stages of its progression, particularly hormone refractory disease.  This study 
investigated the mechanisms of inhibition of prostate cancer cell growth by the naturally occurring 
organoselenium compound selenomethionine (SM) and the synthetic selenium agent 1,4-phenylenebis 
(methylene)selenocyanate (p-XSC) as well as the utility of p-XSC in a mechanism-based combination therapy. 
 
FINAL PROGRESS REPORT 
 We proposed, in the Statement of Work for this award, to complete two Specific Aims: [1. to elucidate 
the molecular mechanisms by which the structurally distinct organolselenium compounds selenomethionine 
(SM) and 1,4-phenylenebis(methylene)selenocyanate (p-XSC) exert their anti-cancer effects on androgen 
responsive and androgen independent human prostate cancer cells and 2. to determine the in vivo effects of SM 
and p-XSC on tumorigenesis and biomarkers of cancer]. The following details the methodology and research 
accomplishments associated with the tasks laid out in the SOW for Specific Aim 1.  We also describe the results 
of further investigations into the molecular mechanisms of p-XSC that fall within the scope of, but were not 
specifically outlined in Specific Aim 1.  Additionally, due to our novel findings regarding the molecular targets 
of p-XSC, we initiated and completed a mechanism-based drug combination study in our in vitro model system 
working towards this award’s overall goal of designing effective selenium-based strategies for prostate cancer 
intervention. Due to early termination of the award (as a result of the PI completing her graduate work and 
accepting a post-doctoral position in a new laboratory), we were not able to complete the in vivo experiments 
outlined in Specific Aim 2. 
 
MATERIALS AND METHODS 
Reagents and cell lines  
 SM was purchased from PharmaSe™ Inc. (Lubbock, TX) and p-XSC was synthesized as reported 
previously (5).  Akt inhibitor VIII was purchased from EMD Chemicals (Gibbstown, NJ).   Androgen 
responsive (AR) LNCaP cells were obtained from the American Type Culture Collection (Manassas, VA) and 
androgen non-responsive or androgen independent (AI) LNCaP C4-2 cells were obtained from Dr. Warren 
D.W. Heston, The Lerner Research Institute, The Cleveland Clinic Foundation, OH.   
Cell culture and organoselenium treatments 
 AR LNCaP cells were maintained in RPMI-1640 medium with 10% heat-inactivated Fetal Bovine 
Serum (FBS). AI C4-2 cells were maintained under the same conditions but with 10% FBS.  Cells that were to 
be stimulated by dihydrotestosterone (DHT) were grown and treated in phenol red-free RPMI-1640 media 
supplemented with 10% charcoal stripped FBS.  All cells were maintained at 37oC in a humidified atmosphere 
of 5% CO2 and were routinely passaged when they were 70-80% confluent.  Following incubation, cells were 
harvested from plates by either trypsinization or gentle scraping and washed with PBS. 
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 Cells were plated in 10 cm dishes (1 million cells/plate) or 96-well plates (5,000 or 10,000 cells/well) 
depending on the assay, grown for 48 h and then treated with either SM or p-XSC.  Both AR LNCaP and AI 
C4-2 cells were incubated in media containing SM at doses ranging from 0 to 100 µM or p-XSC at doses not 
exceeding 20 µM.  The vehicles for SM and p-XSC were saline and dimethylsulfoxide (DMSO), respectively.  
Treatments continued for 24 h to examine longer term effects of these compounds on cellular processes or for a 
shorter exposure time of 1.5 h to evaluate early changes in molecular targets since literature data has shown that 
organoselenium-mediated alterations of the androgen receptor and Akt signaling pathways can been seen as 
early as 1 hour post-treatment (6,7).  After incubation, cells were processed for further analysis. 
Cell Death ELISA 
 AR LNCaP and AI C4-2 cells were plated in duplicate in 96-well plates.  Following treatment for 24 h 
with SM (10, 50, 100 µM) or p-XSC (2.5, 5, 10 µM), cells were assayed for the presence of cytoplasmic 
histone-associated DNA fragments characteristic of apoptosis using the Roche Cell Death ELISA kit (Basel, 
Switzerland), according to the manufacturer’s instructions.  Enrichment factor values were calculated as 
follows: [A405-A490]sample/[A405-A490]control. The assay was performed in triplicate and results are expressed 
as fold induction of apoptosis compared with untreated or vehicle-only controls. 
Immunoblotting  
 Immunoblotting was performed as previously described to determine changes in molecular markers (8).  
Briefly, cells were treated with SM, p-XSC, and/or rapamycin for 90 min or 24 h, harvested by scraping and 
washed with phosphate buffered saline.  Protein extraction was carried out using cell lysis buffer (20 mM Tris 
pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1mM β-
glycerophosphate, 1 mM Na3VO4, 1 µg/ml leupeptin) with freshly added 1 mM phenylmethylsulfonyl fluoride 
(PMSF).  Equal amounts of protein (35 µg) were separated on 10% SDS-PAGE gels and transferred to 
polyvinylidene fluoride (PVDF) membranes .  Primary antibodies used at a 1:1000 dilution for immunoblotting 
were Akt, phospho-Akt (Ser 473), cleaved PARP (Asp214), androgen receptor, p70S6K, phospho-p70S6K (Thr 
389), RPS6, phoshpo-RPS6 (Ser 235/236), rictor, raptor, mTOR, and phospho-mTOR (2481) from Cell 
Signaling Technology (Beverly, MA), phospho-androgen receptor (Ser210) from Abcam, Inc. (Cambridge, 
MA), PKCα and phospho-PKCα (Ser 657) from Millipore (Billerica, MA) and GAPDH from Santa Cruz 
(Santa Cruz, CA).  Anti-mouse and anti-rabbit secondary antibodies (Cell Signaling, Beverly, MA) were used at 
a dilution of 1:3000.  Band expressions were developed using ECL reagents from Amersham (Piscataway, NJ) 
and density analyzed using VisionWorks™ software (UVP, Inc. Upland, CA).  All analyses were repeated a 
minimum of three times. 
QRT-PCR 
 Total RNA was isolated using the TRIZOL reagent (Gibco BRL, Rockville, MD) from AR LNCaP and 
AI C4-2 cells treated with 10 µM SM or p-XSC and that had been stimulated with androgen receptor ligand 
dihydrotestosterone (DHT) at a final concentration of 10 nM to activate androgen receptor signaling  .  The 
RNA was pelleted by centrifugation, washed using 75% ethanol and dissolved in RNase-free water.  cDNA 
synthesis was carried out with the Superscript™ First Stand Synthesis System (Invitrogen, Carlsbad, CA) 
according to the manufacturer's instructions using oligo(dT) as the primer.  PCR was performed using the RT2 
SYBR Green Master Mix (Superarray Bioscience Corporation, Frederick, MD).  Primers were used at a final 
concentration of 100 nM in 25 µl PCR reactions.  cDNA negative controls were run for each target gene.  
GAPDH expression was determined for each sample and used to normalize expression of the target gene.  
Relative expressions are depicted as percent of the normalized untreated control.  The sequences of the primers 
were as follows: GAPDH (forward, 5’-AAGGTCGGAGTCAACGGATTTGGT-3’; reverse, 5’-
ACAAAGTGGTCGTTGAGGGCAATG-3’) and PSA (forward, 5'-GCCTCTCGTGGCAGGGCAGT-3'; 
reverse, 5'-CTGAGGGTGAACTTGGGCAC-3').  For PSA, thermocycling conditions were initiated with a 10 
min 95 oC activation step followed by cycles of 94 oC for 15 sec and 56oC for 30 sec and 72oC for 30 sec.  For 
GAPDH, thermocycling conditions were initiated with a 10 min 95oC activation step followed by cycles of 
95oC for 15 sec, 62oC for 30 sec, and 72oC for 45 sec.  All reactions were repeated a at least three times and the 
results averaged.  Relative expressions were calculated using the ΔΔCt method. 
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Akt kinase activity assay 
AR LNCaP and AI C4-2 cells were treated with SM (50 and 100 µM) and p-XSC (5 and 10 µM) for 6 

hours, harvested by scraping, lysed, and assayed for Akt activity using the Cell Signaling Akt Kinase Assay 
according to the manufacturer’s instructions.  Briefly, Akt was immunoprecipitaed by incubating 200 µg protein 
lysate from each sample with 20 µl immobilized Akt antibody with rocking overnight.  After washing, the in 
vitro kinase assay was performed by incubating the sample for 30 min at at 30 oC with ATP and a GSK-3 fusion 
protein as a substrate.  The samples were then separated on a 12% SDS-PASE gel, transferred to PVDF 
membrane and probed for phospho-GSK-3α/β (Ser21/9). 
MTT assay for cell viability 

Briefly, cells were plated in triplicate in 96-well plates.  Following treatment for 1.5 or 24 h with a range 
of doses of SM, p-XSC, Aki inhibitor, and/or rapamycin, MTT assay was performed as previously described to 
determine cell viability (9).  A solution of 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H tetrazolium bromide 
(MTT, Sigma, St. Louis, MO) in phenol red-free RPMI-1640 medium at a final concentration of 0.5 mg/ml (50 
µg total MTT/well) was added to each well and cells were incubated in the dark at 37oC for 4 hr.  The MTT 
solution was then removed, 100 µl of DMSO was added to each well, and absorbance read at 570 nm using a 
SPECTRAmax® PLUS384 plate reader (Molecular Devices Corporation, Sunnyvale, CA).  The assay was 
performed in triplicate and results are expressed as percent of untreated or vehicle-only control.  
Transcription factor activity ELISA 

AR LNCaP and AI C4-2 cells were treated with p-XSC (2.5 and 5 µM) for 24 hours, and nuclear 
extracts were prepared using the Cayman (Ann Arbor, MI) nuclear extraction kit according to the 
manufacturer’s instructions.  Recombinant Sp1 protein (Promega, Madison, WI) was incubated with 2.5 or 5 
µM p-XSC for 30 minutes.  Sp1 activity from nuclear extracts were measured using the TransAM™ 
transcription factor assay kit (ActiveMotif, Carlsbad, CA) according to the manufacturer’s instructions.  Briefly, 
5 µg of nuclear or recombinant protein was added, in triplicate, to a 96-well assay plate and incubated for 1 
hour with complete binding buffer.  After washing, Sp1 antibody (1:1000) was added to the plate and incubated 
for 1 hour at room temperature.  The plate was then washed and an HRP-conjugated anti-rabbit antibody was 
added.  After incubation for an hour at room temperature, the plate was washed and incubated for 5 minutes 
with a developing solution followed by a stop solution.  The absorbances at 450 nm were read and results 
expressed as percent A450 of control samples.   
Immunoprecipitation 
 AI C4-2 cells were grown in 10 cm for 48 hr and then treated with p-XSC (5 and 10 µM), rapamycin (10 
nM), or a combination of p-XSC and rapamycin (5 µM p-XSC with 10 nM rapamycin) for 15 or 30 min or 1, 
1.5, or 6 hr.  After treatment, cells were washed with cold PBS and 500 µl of cell lysis buffer (see above) with 
freshly added 1 mM PMSF was added to each plate.  The cells were incubated on ice for 5 min, harvested by 
gentle scraping, transferred to microfuge tubes, and sonicated on ice by 3 10-sec bursts using a Sonic 
Dismembrator Model 100 (Fisher Scientific, Pittsburgh, PA).  Samples were then centrifuged (12,000 x g) at 
4oC for 10 min and the supernatants were transferred to fresh tubes.  Equal amounts of protein (200 µg) were 
incubated with an anti-mTOR primary antibody (Cell Signaling, Beverly, MA) at a final dilution of 1:100 and 
rocked overnight at 4oC.  Next, 20 µl of a Protein A agarose bead slurry (Invitrogen, Carlsbad, CA) was added 
and samples were rocked at 4oC for an additional 2 to 3 hr.  The protein-antibody-bead complexes were then 
collected by spinning and washed with cell lysis buffer.  Samples were resuspended in 25 µl of 3X SDS-PAGE 
sample buffer, separated by electrophoresis on 7.5% SDS-polyacrylamide gels, and transferred to PVDF 
membranes for immunoblotting analysis.    
Median effect analysis for combined effects 
          In order to determine if the combination of p-XSC and rapamycin is synergistic, a constant molar ratio of 
p-XSC to rapamycin (5000:1) was chosen and the viability of C4-2 cells treated with a range of doses of the two 
agents at this ratio (2.5, 5, 10, 20, and 40 µM p-XSC with 0.5, 1, 2, 4, and 8 nM rapamycin, respectively) was 
assessed.  The molar ratio of 5000:1 was chosen initially because a strong enhancement of inhibition was seen 
when AI C4-2 cells were treated for 48 hr with a combination of 5 µM p-XSC and 1 nM rapamycin.  Also, 
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these doses are within physiological concentrations of selenium and rapamycin achieved clinically (24,25). AI 
C4-2 cells were grown in triplicate in 96 well plates (5000 cells/well) for 24 hr, treated with the aforementioned 
combinations of p-XSC and rapamycin for 48 hr, and evaluated by MTT assay for cell viability. 
          The combined interaction effects were evaluated for synergism using the median effect and combination 
index equations described by Chou and Talalay (10-12).  The effects of a given drug on cell viability are 
described by the median effect equation: 

fa/fu = (D/Dm)m, 
where fa and fu are the fractions affected and unaffected, respectively, by a given dose (D).  Dm is the dose that 
elicits the median effect and m is the coefficient of the sigmoidocity of the dose effect curve.  We generated 
dose-effect curves and median effect plots [log(D) vs. log(fa/fu)] for  p-XSC, rapamycin, and the combination of 
the two at the constant molar ratio of 5000:1.  The parameters Dm and m were determined from the median 
effect plots.  We assessed the fractional effects associated with the drug individually and in combination over a 
range of concentrations.   
          The nature of the interactive effects of p-XSC and rapamycin were evaluated by calculating the 
combination index (CI) defined as:  

CI = (D)1/(Dx)1 + (D)2/(Dx)2 + α(D)1(D)2/(Dx)1(Dx)2, 
where α = 0 and α = 1 for drugs that are mutually exclusive and non-exclusive, respectively.  (Dx)1 and (Dx)2 
are the doses of p-XSC and rapamycin alone required to achieve a given effect level (fa).  (D)1 and (D)2 are the 
doses of p-XSC and rapamycin in combination that achieves the same fa.  The value of CI reflects synergism 
when it is < 1, antagonism when it is > 1 and additivity when it is = 1.  We calculated the CI values for the 
combination of p-XSC and rapamycin over a range of effect levels (0.2 to 0.9). 
Statistics 
 Results are expressed as mean ± standard error.  Statistical significance was analyzed using either the 
Student’s t test or two-factor analysis of variance (ANOVA).  Differences were considered significant at           
p < 0.05. 
 
RESULTS 
Specific Aim 1a: Determine the dose response of SM and p-XSC on induction of apoptosis in AR LNCaP and 
AI C4-2 prostate cancer cells 
Summary: p-XSC, but not SM, dose-dependently induces apoptosis in AR LNCaP and AI C4-2 prostate cancer 
cells 
Details: We investigated the effect of SM and p-XSC on apoptosis in AR LNCaP and AI C4-2 cells using Cell 
Death ELISA.  p-XSC treatment resulted in 2.5-, 3.7-, and 5.8-fold increases in apoptosis in AR LNCaP cells at 
concentrations of 2.5, 5, and 10 µM, respectively (Figure 1A).  Similarly in AI C4-2 cells, p-XSC induced 2.9-, 
3.5-, and 4.4-fold increases in apoptosis at concentrations of 2.5, 5, and 10 µM, respectively (Figure 1B). SM 
showed no induction of apoptosis in AR LNCaP cells at concentrations up to 100 µM.  SM caused a significant 
decrease (32%, p < 0.05) in apoptosis in AI C4-2 cells at the lowest dose tested (10 µM) but had no effect at 
higher doses (50 or 100 µM).  We also analyzed the effects of SM and p-XSC on apoptosis by examining poly 
(ADP-ribose) polymerase (PARP) cleavage.  PARP is a major target of caspases in vivo (13,14).  Immunoblot 
analysis of cell lysates from AR LNCaP and AI C4-2 cells showed increased levels of cleaved PARP (Asp 214) 
in cells treated with 5 and 10 µM p-XSC (Figure 1A,B).  AR LNCaP and AI C4-2 cells treated with doses of 
SM ranging from 5 to 100 µM showed no detectable PARP cleavage (Figure 1A,B), supporting the above 
finding that SM is not inducing apoptosis in these cells.  No induction of PARP cleavage was seen after 90 min 
of treatment with either p-XSC or SM in AR LNCaP and AI C4-2 cells (data not shown).  Taken together these 
results show that p-XSC significantly and dose-dependently induces apoptosis similarly in AR LNCaP and AI 
C4-2 cells and that inhibition of cell viability by p-XSC is due, at least in part, to programmed cell death. 
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Specific Aim 1b: Measure, by immunoblotting, the effects of SM and p-XSC on the levels of androgen 
receptor and other proteins implicated in the regulation of androgen receptor signaling.   
Summary: p-XSC dose-dependently decreases androgen protein levels after 24 hr of treatment in both AR 
LNCaP and AI C4-2 cells.  SM decreases androgen receptor protein levels in AR LNCaP cells after 24 hr. 
Details: To determine the effects of SM and p-XSC on androgen receptor signaling, we first examined the 
effects of these compounds on androgen receptor protein levels in AR LNCaP and AI C4-2 cells. SM and p-
XSC significantly reduced androgen receptor protein levels in AR LNCaP cells after 24 hr of treatment, though 
p-XSC was superior to SM (Figure 2A,B).  p-XSC also significantly reduced androgen receptor protein levels in 
AI C4-2 prostate cancer cells, while SM showed a non-significant increase in androgen receptor protein 
expression (Figure 2A,B). 
Summary: Neither p-XSC nor SM show alteration of Akt activity or Akt-mediated phosphorylation of the 
androgen receptor at 24 hr 
Details: We also investigated, by immunoblot analysis, the effects of SM and p-XSC on Akt phosphorylation 
and phosphorylation of androgen receptor at the major Akt-specific phosphorylation site, Ser 210, in AR 
LNCaP and AI C4-2 cells.  After 24 hr of treatment both p-XSC and SM at doses of 10 µM and higher reduced 
the levels of androgen receptor phosphorylated at Ser 210 in both cell types (Figure 3).  No inhibitory effects 
were seen in AI C4-2 cells treated with SM.  However, this down-regulation of androgen receptor 
phosphorylation correlated with decreased levels of total androgen receptor protein and no apparent decrease in 
phosphorylation of Akt or its downstream target GSK3α/β was observed at this time point (Figure 3). 
Summary: p-XSC inhibits both Akt and androgen receptor phosphorylation in AR LNCaP and AI C4-2 cells 
after 90 min of treatment.  SM increases Akt-mediated androgen receptor phosphorylation in AI C4-2 cells. 
Details: We next examined androgen receptor phosphorylation after 90 min of exposure to determine whether 
organoselenium-mediated alterations in these pathway markers occur early on (Figure 4).  SM decreased total 
androgen receptor proteins levels after 90 min of treatment and caused non-significant changes in androgen 
receptor and Akt phosphorylation in AR LNCaP cells.  SM did, however, dose-dependently increase androgen 
receptor phosphorylation in AI C4-2 cells at this time point.  After 90 min, however, p-XSC did not alter total 
androgen receptor levels in AR LNCaP or AI C4-2 cells.  p-XSC did decrease Akt-mediated phosphorylation of 
the androgen receptor at Ser 210 as well as Akt phosphorylation at Ser 473 in both AR LNCaP and AI C4-2 
cells (Figure 4).  SM showed no inhibition of androgen receptor or Akt at similar doses and even showed slight 
increases in Akt activity in AI C4-2 cells after 90 min (Figure 4).  These data suggest that alteration of the 
PI3K/Akt pathway may be an early event in selenium-mediated modulation of prostate cancer cell growth. 
Specific Aim 1c: Investigate the effect of SM and p-XSC on androgen receptor activity 

We initially proposed to ascertain the effects of SM and p-XSC on androgen receptor transcriptional 
activity using a luciferase reporter assay.  Transfection of the AR LNCaP and AI C4-2 cell lines with the ARE-
luciferase reporter plasmid has proved immensely difficult and the conditions for this assay have yet to be 
standardized in our lab.  Therefore, in place of this assay, we have examined the effects of our compounds on 
androgen receptor transcriptional activity by measuring the expression of prostate specific antigen (PSA), an 
androgen receptor target gene (15). 
Summary: p-XSC, but not SM, inhibits PSA mRNA expression in AR LNCaP and AI C4-2 cells. 
Details: We examined the effects of SM and p-XSC on androgen receptor transcriptional activity by measuring 
the RNA expression of PSA, an androgen-regulated gene.  p-XSC (10 µM) significantly decreased PSA mRNA 
levels in both AR LNCaP and AI C4-2 cells (Figure 5A,B). SM (10 µM) showed no significant change in PSA 
expression in either AR LNCaP or AI C4-2 cells (Figure  5A,B).  To determine whether p-XSC specifically 
inhibits androgen-induced PSA expression we further compared the effects on PSA mRNA levels in 
unstimulated cells with levels in cells stimulated with the androgen receptor ligand DHT.  Inhibition of PSA 
expression was significantly enhanced in AR LNCaP cells stimulated with DHT compared with unstimulated 
cells (Figure 5C), suggesting the decrease in PSA mRNA levels is due, at least in part, to inhibition of androgen 
receptor transcriptional activity. 
Summary: Inhibition of Akt does not attenuate p-XSC-mediated inhibition of PSA expression. 
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Details: To investigate whether inhibition of Akt is a factor in the down regulation of androgen receptor activity 
by p-XSC, we measured the effects of SM and p-XSC on PSA mRNA levels in the presence of an Akt inhibitor.  
AR LNCaP and AI C4-2 cells were exposed to the inhibitor then treated with either SM or p-XSC (10 µM) and 
subsequently with DHT to stimulate androgen receptor activity.  Treatment of both AR LNCaP and AI C4-2 
cells with the Akt inhibitor alone significantly decreased PSA mRNA levels showing that Akt does affect 
androgen receptor transcriptional activity in these cells (Figure 6A).  Results showed that inhibiting Akt 
signaling prior to exposure to p-XSC had no attenuating effect on the androgen receptor-inhibiting activity of 
the compound (Figure 6B).  In fact, the combination of the Akt inhibitor and p-XSC seems to enhance 
inhibition of PSA expression suggesting that p-XSC may target androgen receptor signaling via mechanisms in 
addition to or other than Akt down-regulation. 
Summary: Inihibition of Akt does not soley account for p-XSC-mediated inhibition of AR LNCaP and AI C4-2 
cell viability. 
Details: In order to determine whether the inhibition of Akt by p-XSC was contributing to the downstream 
effects on cell viability we first treated cells with an Akt specific inhibitor and then exposed them to p-XSC for 
90 min.  The inhibitor alone at a final concentration of 2 µM (at which there is a dramatic inhibition of Akt 
phosphorylation in AR LNCaP and AI C4-2 cells; data not shown) decreased cell viability in AR LNCaP cells 
by less than 10% and in AI C4-2 cells by close to 20% (Figure 7A).   p-XSC decreased cell viability similarly in 
both untreated AR LNCaP cells and cells pre-treated with the Akt inhibitor suggesting that inhibition of Akt by 
p-XSC does not solely account for the decrease in cell viability (Figure 7B).  Inhibition of cell viability by p-
XSC in the AI C4-2 cells was slightly, albeit significantly, attenuated by pre-treatment with the Akt inhibitor 
(Figure  7B) suggesting a more important role for p-XSC-mediated inhibition of Akt signaling in these cells.  
However, it is clear that in both AR LNCaP and AI C4-2 cells p-XSC may be inhibiting additional 
targets/pathways contributing to prostate cancer cell death. 
Summary: p-XSC inhibits downstream targets of mTORC2 but not mTORC1in AI C4-2 cells after 90 min of 
treatment. 
Details: We investigated the effects of p-XSC on downstream targets of the mTOR pathway in AI C4-cells.  
We previously showed that p-XSC could decrease Akt phosphorylation at Ser 473, a downstream target of 
mTORC2 after 90 min of treatment.  To determine if p-XSC was modulating mTOR signaling, we assessed, by 
immunoblotting, the levels of phospho-p70S6K (Ser 235/236), an mTORC1 downstream target, phospho-Akt 
(Ser 473), and phospho-PKCα, an additional mTORC2 target, in AI C4-2 cell lysates that had been treated with 
5 and 10 µM p-XSC for 90 min.  p-XSC, at both doses examined, decreased Akt phosphorylation at Ser 473 (as 
we had also seen previously) and PKCα phosphorylation at Ser 657 (Figure 8).  p-XSC appeared to have little 
to no effect on the phosphorylation of mTORC1 target p70S6K (Figure 8).  No changes in total p70S6K, Akt, or 
PKCα were observed with p-XSC treatment. At 6 hr of treatment p-XSC also caused a dose-dependent decrease 
in the amount of immunoprecipitated mTOR that was phosphorylated at Ser 2481, an autophosphorylation site 
suggested to be a biomarker for intact mTORC2 and indicator of mTOR catalytic activity (Figure 9) (16,17). 
Summary: p-XSC inhibits the association of raptor but not rictor with mTOR n AI C4-2 cells as early as 60 min 
after treatment. 
Details: To determine if p-XSC was interfering with mTOR complex formation, we immunoprecipitated mTOR 
from AI C4-2 cells treated with 5 and 10 µM p-XSC and probed for co-immunoprecipitated raptor and rictor.  
Immunoprecipitation was carried out after 15, 30, 60, and 90 min of treatment as well as after 6 hr of treatment 
to evaluate how early p-XSC mediated changes occur (i.e., to detect changes in complex composition prior to 
the effects on downstream target phosphorylation).  No changes in rictor or raptor binding to mTOR were 
observed after 15 (data not shown) or 30 min (Figure 10A) of p-XSC treatment.  p-XSC decreased the amount 
of mTORC2 binding protein rictor co-immunoprecipitaed with mTOR as early as 60 min after treatment (Figure 
10B).  This inhibition lasted though 90 min (Figure 10C) but appeared to attenuate by 6 hr (Figure10D); 
although the rictor levels in cells after 6 hr of treatment with 10 µM p-XSC were still less than in the control 
samples. 
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Summary:   The combination of p-XSC with rapamycin more effectively inhibits AI C4-2 cell viaibilty than 
either agent alone. 
Details: The development of drug combination regimens for the treatment of various cancers is an attractive 
strategy for the treatment of cancer, as such an approach has the potential to increase the efficacy while 
decreasing the toxicity of agents used alone.  Though we showed that p-XSC quite effectively inhibits prostate 
cancer cell growth at several doses including physiological concentrations, it is important to consider its 
potential as part of a drug combination especially since this agent has not been explored in a clinical setting.  
Based on the mechanistic information gained in this study we hypothesized that the combination of p-XSC with 
the mTORC1 inhibitor rapaymcin would be an effective combination strategy for the inhibition of AI prostate 
cancer. We initially examined the effects of mixtures of p-XSC and rapamycin on AI C4-2 cell viability by 
combining four doses of p-XSC (0.625, 1.25, 2.5, and 5 µM) with six doses of rapamycin (0.1, 1, 10, 100, 1000, 
and 10,000 nM).  AI C4-2 cells were treated with all combinations of these doses of p-XSC and rapamycin for 
24, 48, and 72 hr.  After 24 hr of treatment, no significant improvement of inhibition was seen when p-XSC was 
given in combination with rapamycin.  Data acquired after 48 hr of treatment, however, showed that the 
combinations of p-XSC and rapamycin, especially those with low-dose rapamycin (0.1, 1, and 10 nM), had 
significantly (p < 0.05) superior efficacy compared with each agent individually (Figure 11).  For example, the 
combination of 0.1 nM rapamycin with 1.25, 2.5, and 5 µM p-XSC caused 18.3, 12.3, and 26.8 percent 
increases in inhibition, respectively.  The addition of 1 nM rapamycin to 0.625, 1.25, 2.5, and 5 µM p-XSC 
resulted in 23, 32.2, 27.4, and 37.9 percent increases in inhibition of AI C4-2 cell viability, respectively.    The 
10 nM dose of rapamycin enhanced inhibition mediated by 0.625, 1.25, 2.5, and 5 µM p-XSC by 19.7, 22.4, 
30.1, and 37.6 percent, respectively.  Table 1 compares the resulting inhibition of viability in C4-2 cells treated 
for 48 hr with all combinations of p-XSC and rapamycin.  Figure 12 highlights the most effective combination 
(5 µM p-XSC and 1 nM rapamycin) and shows the decreases in IC50 that occurred when one agent at each 
single dose was added to the other.  For example, when 1 nM rapamycin was added to p-XSC, the IC50 
decreased more than 2-fold.  The addition of 5 µM p-XSC brought rapamycin’s IC50 down by more than 5 
orders of magnitude.  By 72 hr, this enhancement of inhibition began to attenuate; significant (p < 0.05) 
increases in inhibition were only seen with the highest dose of p-XSC (5 µM).  After 72 hr of treatment 5 µM p-
XSC combined with 0.1, 1, and 10 nM doses of rapamycin resulted in 34.2, 26.9, and 28.6 percent increases 
inhibition, respectively (Figure 13).  Table 2 showcases the inhibition data for C4-2 cells treated for 72 hr with 
all combinations of p-XSC and rapamycin. 
Summary: The combination of p-XSC with rapamaycin exhibits synergy. 
Details: Though the above experiments showed that treatment with the combination of p-XSC and rapamycin 
had significant inhibitory effects on AI C4-2 cell viability after 48 hr, they were not sufficient to determine if 
these effects were synergistic.  Thus, to evaluate synergy, we chose a constant molar ratio of p-XSC to 
rapamycin, treated AI C4-2 cells with a range of doses at that ratio, and assayed for viability.  We chose the 
molar ratio of 5000:1 (p-XSC to rapamycin) because the combination of 5 µM p-XSC with 1 nM rapamycin 
was the most effective in the previous experiments.  We then used the widely accepted Chou and Talalay 
method (10-12) to ascertain if the drug combination was synergistic or merely additive.  Comparison of the 
dose-effect curves for p-XSC and rapamycin with the dose effect curve for the combination (at the molar ratio 
of 5000:1) showed an increase in sensitivity of AI C4-2 cells to the combination compared with p-XSC or 
rapamycin alone (Figure 14).  The median effect plots generated for the agents alone and in combination 
allowed for the calculation of their m and Dm values (Table 3).  The Dm values for p-XSC alone and in 
combination were 7.13 and 5.06 µM, respectively.  For rapamycin, the Dm values alone and in combination 
were 107.17 and 0.001 µM, respectively.  The individual median effect plots for p-XSC and rapamycin were 
not parallel and we therefore could not determine exclusivity.  Thus, we calculated the CIs assuming both 
mutual and non-mutual exclusivity (α = 0 and 1, respectively).  All CI values were the same when calculated 
using both values for α except for the two lowest effect levels (0.2 and 0.3) (Table 4).  The CI values for effect 
levels ranging from 0.2 to 0.9 all indicated some degree of synergy, with the degree of synergy increasing as the 
fraction affected increased (Table 4).  This is clearly shown by the generation of isobolograms for each effect 
level (Figure 15). 
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Summary: The combination of p-XSC and rapamycin inhibit both arms of the mTOR signaling pathway. 
Details: We investigated whether combining p-XSC and rapamycin would have an effect on modulation of their 
early molecular targets by treating AI C4-2 cells with a combination of these agents (2.5 or 5 µM p-XSC and 1 
or 10 nM rapamycin) for 90 min and then analyzing, by immunoblotting, the effects the combination treatment 
had on phosphorylation of downstream targets of the mTOR pathway.  Results showed that the combination of 
p-XSC and rapamycin more effectively inhibited the phosphorylation of the mTORC2 downstream targets Akt 
and PKCα than either agent at the same dose alone (Figure 16A).  Treatment with 10 nM rapamycin alone, 
however was sufficient to eradicate phosphorylation of the mTORC1 downstream target RPS6 and we could 
therefore not determine whether p-XSC caused any enhancement of the activity of rapamycin at this dose and 
time point (Figure 16A).  We therefore decreased the dose of rapamycin in combination to 1 nM.  The 
combination of 5 µM p-XSC with 1 nM rapamycin was sufficient to inhibit PKCα phosphorylation at Ser 657 
(Figure 16B).  Treatment with 1 nM rapamycin alone still decreased RPS6 phosphorylation at Ser 235/236, 
however, the combination of p-XSC and rapamycin further decreased this phosphorylation (Figure 16B).  
Similar results were also observed in AI C4-2 cells treated with 2.5 µM p-XSC and 1 nM rapamycin, further 
reinforcing the idea that combination of these two agents can be effective at low doses (Figure 16C). 
Specific Aim 1d: Study the effects of SM and p-XSC on the DNA binding activity of transcription factors 
involved in the regulation of androgen receptor expression 
Summary: p-XSC inhibits recombinant Sp1 activity more effectively than MSeA or SM; p-XSC had no effect on 
Sp1 activity in AR LNCaP or AI C4-2 cells.                                           
Details: The effects of the organoselenium compounds SM, p-XSC, and MSeA on the DNA binding activity of 
recombinant Sp1 protein were measured by an ELISA-based transcriptional activity assay.  All three of these 
compounds effectively inhibited the binding of recombinant Sp1 to DNA.  p-XSC dose-dependently decreased 
recombinant Sp1 activity (Figure 17A) and was more effective than SM or MSeA (Figure 17B).  To determine 
whether p-XSC could also inhibit Sp1 activity in vitro we measured the DNA-binding activity of Sp1 from the  
nuclear extracts of AR LNCaP and AI C4-2 cells treated with p-XSC (2.5 and 5 µM).  At these doses, which 
dramatically inhibited recombinant Sp1 activity, no inhibition of endogenous Sp1 activity in either AR LNCaP 
or AI C4-2cells was observed (Figure 17C,D).  Since p-XSC inhibited recombinant Sp1 but endogenous Sp1 
from nuclear extracts, we tested nuclear fractions from AR LNCaP cells treated with p-XSC to get an idea of 
whether the organoselenium compound reached the nuclei of the cells.                 
Summary: Selenium accumulates in the cytosol and nuclei of cells treated with p-XSC.                                           
Details: We analyzed, by atomic absorption spectroscopy, the total selenium content of the spent media, whole-
cell lysate, cytosolic, and nuclear fractions of AR LNCaP cells treated with 5 µM p-XSC.  We were able to 
detect nearly 100% recovery of total selenium in all fractions combined.  Total selenium was increased 
in all fractions after 1 hr of treatment and either remained higher than untreated controls or was further 
increased after 24 hr of treatment. (Figure 18).  This suggests that the lack of inhibition of Sp1 is not due to a 
lack of selenium in the nucleus, although whether the form of selenium derived from p-XSC under the 
experimental condition is able to bind Sp1 requires further investigation. 
 
DISCUSSION 
 Our results up to this point show marked differences in the responses of both LNCaP and C4-2 prostate 
cancer cells to the structurally distinct organoselenium compounds SM and p-XSC.  Comparison of the effects 
of SM and p-XSC on apoptosis in AR LNCaP and AI C4-2 cells highlight the significant role structure and dose 
play in mediating cellular response to organoselenium compounds.  At the doses examined, only p-XSC was 
able to induce apoptosis, a critical cellular event in cancer prevention by selenium compounds (18).  Though 
SM has been the supplemental form of selenium used in a handful of clinical prostate cancer trials including the 
most recent and largest ever conducted SELECT study, it was not able to achieve significant inhibition of AR 
LNCaP or AI C4-2 cells at physiologically relevant doses after 24 hr of treatment and even appeared protective 
in AI C4-2 cells.  By contrast, p-XSC can achieve significant growth inhibition of both AR LNCaP and AI C4-2 
prostate cancer cells at concentrations as low as 5 µM.  SM was able to down-regulate androgen receptor 
protein levels in AR LNCaP cells after 24 hr of treatment, however had no effect on androgen receptor activity 
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and therefore did not alter cell growth.  It is possible that inhibition of the androgen receptor by SM may be 
occurring at a later time point and thus longer exposures to SM may elicit inhibitory effects on cell growth that 
were missed after only 24 hr of treatment.  These findings underscore the importance of determining efficacy 
and understanding the mechanisms of organoselenium compounds as they may possess often quite diversified 
function in their ability to prevent or control prostate cancer progression. 
 It is increasingly evident that crosstalk between androgen receptor and other signaling pathways (e.g., 
PI3K/Akt) may play an important role in advanced prostate cancer.  To our knowledge the potential for 
selenium compounds to affect the crosstalk between Akt and androgen receptor signaling has not been 
previously explored.  Androgen receptor phosphorylation by several kinases including Akt is thought to play a 
role in the regulation of its function (10-12).  We have shown, for the first time that an organoselenium 
compound can down-regulate Akt-specific phosphorylation of the androgen receptor, a potentially pivotal 
regulatory mechanism and player in androgen independence.  Though p-XSC inhibited PSA expression in a 
manner similar to that of an Akt-specific inhibitor, inhibition of Akt prior to treatment with p-XSC did not 
attenuate the effect of p-XSC on PSA mRNA levels.  This suggests that p-XSC inhibits androgen receptor 
activity via additional or distinct mechanisms and the inhibition of AR and Akt signaling by this agent may 
occur independently.  We have considered the possibility that p-XSC directly inhibits androgen receptor 
activity.  In our previous study we showed that the covalent binding of p-XSC to cysteinyl moieties within the 
p50 subunit of NFκB may potentially account for its inhibition of the transcription factor (22).  Organoselenium 
compounds can exhibit higher nucleophilicity than organosulfur (cysteinyl) moieties and thus can facilitate 
disruption of the charge relay system that involves zinc finger motifs (23).  Selenium compounds have been 
shown to inhibit DNA binding and induce zinc release from DNA repair proteins (23).  The DNA binding 
domain of the AR, which contains two zinc finger motifs each with a four-cysteine coordination site, may be a 
target for p-XSC. 
 In this study, we also found that the synthetic organoselenium compound p-XSC could inhibit mTORC2 
signaling in human AI prostate cancer cells.  To our knowledge, this is a novel finding and the first report of a 
selenium compound modulating mTOR signaling in prostate cancer.  A recent study showed that high doses of 
inorganic sodium selenate inhibited IGF-1-stimulated phosphorylation of Akt and mTOR in HT-29 human 
colon cancer cells (24).  This study suggests that selenate inhibits mTORC1 by both Akt-dependent and 
independent mechanisms (24).  Our data suggest that p-XSC inhibits mTORC2 preferentially, as p-XSC 
inhibited the phosphorylation of the mTORC2 downstream targets Akt and PKCα whereas it had no effect on 
phosphorylation of mTOCRC1 downstream targets.  Also, p-XSC decreased the levels of mTORC2 protein 
rictor bound to immunoprecipitated mTOR but had no effect on the levels of mTORC1 protein raptor bound to 
mTOR.  This study was designed to look at early changes (t = 90 min) mediated by p-XSC and it is therefore 
possible that changes in mTORC1 signaling after longer exposures to p-XSC may occur.  In support of this, p-
XSC decreased mTOR autophosphorylation in AI C4-2 cells after 6 hr of treatment (data not shown).  It would 
be beneficial in the future to explore the effects of longer treatments of p-XSC on mTORC1 downstream targets 
and investigate whether these potential effects on mTORC1 signaling occur via inhibition of Akt or through 
Akt-independent mechanisms, as demonstrated with sodium selenate (24).  We propose that p-XSC inhibits 
mTORC2, which subsequently results in inhibition of Akt as well as its other downstream targets contributing 
to the anti-cancer effects of the organoselenium compound.  A recent study in PTEN null mice showed that 
mTORC2 was required for the development of prostate cancer caused by the loss of Pten but was non-essential 
in normal prostate, highlighting mTORC2 as a significant target for prostate cancer treatment (25).  This further 
supports the potential of p-XSC for the management of prostate cancer, especially advanced prostate cancer 
which is frequently characterized by deletion of Pten (26,27).  
 Often multiple survival pathways are activated in cancer cells.  The use of combinations of agents that 
inhibit different pathways is an attractive alternative to treatments with a single chemotherapeutic drug.  Based 
on our finding that p-XSC inhibits mTORC2 signaling, we hypothesized that the combination of p-XSC with 
the mTORC1 inhibitor rapamycin would more strongly inhibit AI cell viability than either agent alone.  In this 
study we also found that mixtures of p-XSC and rapamycin more effectively inhibited human AI cancer cell 
viability and at lower doses than either agent alone.  After 48 hr of treatment, significant increases in inhibition 
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of AI C4-2 cell viability were observed.  The most promising combinations were those comprised of p-XSC 
with low-dose rapamycin (0.1, 1, and 10 nM).  Not only did these mixtures significantly increase the efficacy of 
these compounds inducing up to 38% more inhibition than p-XSC or rapamycin alone, they also had remarkable 
effects at physiologically relevant doses.  The physiological level of rapamycin achieved in patients is on the 
order of 1 nM, although higher trough levels (up to 20 nM) have been reached in some clinical studies with 
limited side effects (28-30). 
 The ideal objective in creating a combination drug strategy is the achievement of synergy.  In this study, 
we used median effect analysis described by Chou and Talalay (10-12) to determine the combination index (CI) 
for p-XSC and rapamycin at a constant molar ratio of 5000:1.  The median effect plots generated for p-XSC and 
rapamycin alone and in combination had correlation coefficients greater than 0.9, confirming the applicability 
of this means of analysis for our study.  We could not determine the exclusivity of the mechanisms of action of 
p-XSC and rapamycin because the slopes of their median effect plots were not parallel.  Our analyses indicate 
that the combination of p-XSC with rapamycin at a constant molar ratio of 5000:1 does exhibit synergistic 
inhibition of C4-2 cell viability.  The CIs calculated indicate at least a moderate degree of synergism is achieved 
by combining p-XSC with rapamycin.  The strength of synergy of this combination increased as the effect level 
increased, reaching a maximal degree (CI = 0.684) at 90% inhibition.   
 Our data also show that treatment of both AR (data not shown) and AI prostate cancer cells with 
combinations of p-XSC and rapamycin can achieve early target inhibition at concentrations that have little or no 
effect on their own.  Mixtures of 2.5 or 5 µM p-XSC with 1 nM rapamycin successfully inhibit phosphorylation 
of both mTORC1 and mTORC2 downstream targets, likely contributing to their detrimental effects on cell 
viability. We propose that p-XSC and rapamycin more effectively inhibit prostate cancer cell viability than 
either agent individually, in part, by targeting the two distinct arms of the mTOR signaling cascade (Figure 19).  
Studies have shown that inhibition of mTORC1 can activate Akt (31).  Rapamycin treatment, while suppressing 
mTORC1 signaling, may be turning on Akt signaling in prostate cancer cells.  Thus simultaneous treatment 
with p-XSC, which inhibits mTORC2 and subsequently Akt, and rapamycin may be acting to compensate for 
feedback activation of this survival pathway. 
 Our findings that p-XSC inhibits both AR LNCaP and AI C4-2 prostate cancer cell growth and 
modulates clinically relevant signaling pathways together with the finding that rapamycin can enhance the anti-
cancer effects of p-XSC lends support for the evaluation of this agent in well-defined animal models of prostate 
cancer and ultimately for its potential alone or in combination as a means of increasing prostate cancer 
survivorship.  Future studies may benefit from exploring the effects of organoselenium at stages beyond 
localized prostate cancer as evidence supports a potential role for p-XSC and various other selenium 
compounds in mediating metastasis and androgen independence, events inherent to increased mortality. Further 
characterization of the anti-cancer mechanisms of p-XSC in prostate cancer cells will be useful for 
understanding and subsequently improving cancer treatment approaches with organoselenium.  Additional 
exploration of the effects of p-XSC in combination with rapamycin analogs or other signal pathway inhibitors 
will be valuable for improving the safety and efficacy of this treatment strategy.  Finally, investigation of the 
effects of p-XSC and rapamycin individually and in combination on tumorigenesis in animal models of prostate 
cancer is a necessary next step in the evaluation of the potential applicability of these agents to a clinical setting. 

With the goal of increasing survivorship and improving quality of life issues, investigators should 
consider the efficacy of organoselenium compounds in future exploration of primary or supplemental treatment 
options for advanced prostate cancer.  However, caution should be exercised since it has been shown that high 
levels of serum selenium were associated with a slightly elevated risk of aggressive prostate cancer in 
individuals carrying a certain variant form of the superoxide dismutase (SOD2) gene (32).  Clearly, not all 
individuals appear to benefit from selenium supplementation and the future design of clinical trials should 
carefully consider the form and dose of selenium as well as the population’s baseline selenium levels and their 
selenium-dependent genetic polymorphism. 
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Figures and Tables

Figure 1 The effects of SM and p-XSC on induction of apoptosis.  Apoptosis was detected 
by the presence of cleaved PARP (cl-PARP) and measured by Cell Death ELISA in A. AR 
LNCaP and B. AI C4-2 cells treated for 24 hr with a range of doses of SM and p-XSC.  
GAPDH levels were assessed as a loading control.  ELISA results are represented by bar 
graph as fold induction of apoptosis (A405-A490) compared with vehicle-only controls. 
(*p<0.05, **p<0.01) 
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Figure 2 The effects of SM and p-XSC on androgen receptor protein expression.   Androgen 
receptor (aR) protein levels in whole cell lysates from AR LNCaP and AI C4-2 cells treated for 
24 hr with 5 or 10 µM A. SM and B. p-XSC were measured by immunoblot analysis.  Results 
are presented as representative blots from single experiments and in graph form as the average 
band density (normalized to GAPDH protein levels) from three experiments relative to control 
samples. (*p<0.05, **p<0.01) 
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Figure 3 The effects of SM and p-XSC on Akt activity.  Immunoblot analysis of 
phosphorylated Akt (Ser 473) in whole cell lysates from AR LNCaP and AI C4-2 cells treated 
with SM and  p-XSC for 24 hr.  In vitro Akt activity was determined in AR LNCaP and AI 
C4-2 cell lysates by measuring GSK3α/β phosphorylation. 
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Figure 4 The effects of SM and p-XSC on androgen receptor and Akt phosphorylation.  
Levels of phosphorylated Akt and phosphorylated androgen receptor (aR) in whole cell lysates 
of AR LNCaP and AI C4-2 cells treated for 90 min with 5 or 10 µM SM and p-XSC were 
measured by immunoblotting.  Results are presented as representative blots from single 
experiments.  Fold change in band densities of phosphorylated  proteins are normalized to 
their respective total protein (and GAPDH protein levels). 
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Figure 5 The effects of SM and p-XSC on androgen target gene PSA.  PSA mRNA levels 
were measured by quantitative real time reverse transcriptase PCR in A. AR LNCaP and B. AI 
C4-2 cells treated with 10 µM SM or p-XSC (90 min) and stimulated with 10 nM 
dihydrotestosterone (DHT).  Representative raw data (fluorescence vs. cycle number) for 
single experiments are shown.  Results are presented as representative raw data (fluorescence 
vs. cycle number) from single experiments and/or in graph form as the average of the relative 
expressions (normalized to GAPDH mRNA levels) from three experiments. C. PSA mRNA 
levels were measured in AR LNCaP and AI C4-2 cells treated with 10 µM p-XSC and 
stimulated with DHT.  The percent inhibition (compared with untreated controls) was 
compared to treated cells not stimulated with DHT. (*p<0.01, **p<0.001) 
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Figure 6 The effects of Akt inhibitor on selenium-mediated alteration of PSA 
expression.  PSA mRNA levels in AR LNCaP and AI C4-2 cells pre-treated with an 
Akt-specific inhibitor (Akti, 2 µM) for 1 h and/or treated with selenium (Se; 10 µM SM 
or p-XSC) for 1.5 h and stimulated with 10 nM DHT were measured by QRTPCR.  
Results are normalized to GAPDH mRNA levels and are expressed as A. relative 
expression to vehicle-only treated control or B. relative to either the vehicle-only control 
(Control) or to the Akti-only samples (Akti). (*p<0.05, **p<0.01, ***p<0.001) 
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Figure 7 The effects of Akt inhibitor on p-XSC-mediated inhibition of cell viability.  Cell 
viability in AR LNCaP and AI C4-2 cells pre-treated with an Akt-specific inhibitor (Akti, 2 
µM) for 1 hr and/or treated with selenium p-XSC (10 µM) for 90 min was measured by 
MTT assay.  Results are expressed as A. percent of vehicle-only treated control or B. 
relative to either the vehicle-only control (Control) or to the Akti-only samples (Akti). 
(*p<0.05, **p<0.01) 



 
 

18 

Figure 8 The effects of p-XSC on mTOR pathway molecules.  Immunoblot analysis of 
phosphorylated downstream targets of mTOR in AI C4-2 cells treated with p-XSC for 
90 min. 

Figure 9 The effects of p-XSC on mTOR autophosphorylation.  Immunoblot analysis of 
mTOR phosphorylation in AI C4-2 cells treated with p-XSC for 6 hr. 
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Figure 10 The effects of p-XSC on mTOR-associated proteins.  Levels of mTOR binding 
proteins raptor and rictor co-immunoprecipitated with mTOR from AI C4-2 cells treated with 
p-XSC for A. 30 min B. 60 min C. 90 min and D. 6 hr. 
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Figure 12 The effects of selected combinations of p-XSC and rapamycin on cell viability and 
IC50 values. A. The effects of 5 µM p-XSC and 1 nM rapamycin (rapa), alone and in 
combination, on AI C4-2 cell viability. (*p<0.05) B. IC50 values for rapamycin and p-XSC 
when combined with single doses of the other agent. 
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Figure 14 Median effect analysis graphs.   A,B. Dose-response curves and C,D. median effect 
plots for AI C4-2 cells treated with p-XSC, rapamycin, or a combination of p-XSC and 
rapamycin at a constant molar ratio of 5000:1. 
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Figure 15 Isobolograms for the combination of p-XSC and rapamycin (at a constant 
molar ratio of 5000:1) at various effect levels. The effective dose (ED) for effect 
levels ranging from 20 to 90% inhibition for individual agents p-XSC (D)1 and 
rapamycin (D)2 are plotted on the x- and y-axis, respectively.  The mixture of p-
XSC and rapamycin behaves as a third agent; ED values for the combination fall 
above, on, or below the ED line connecting the single agent data points, indicating 
antagonism, additivity, and synergism, respectively. 
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Figure 16 The effects of combining p-XSC and rapamycin on mTOR pathway molecules.  
Immunoblot analysis of phosphorylated downstream targets of mTOR in AI C4-2 cells 
treated with 5 µM p-XSC and A. 10 nM or B. 1 nM rapamycin (rapa) or C. 2.5 M p-XSC 
and 1 nM rapa. 



 
 

26 

Figure 17 The effects of selenium compounds on Sp1 activity.  DNA-binding activity of 
recombinant Sp1 protein incubated with A.  2.5 and 5 µM p-XSC or B. 5 µM p-XSC, MSeA, 
and SM.  The activity of endogenous Sp1 protein in nuclear extracts isolated from C. AR 
LNCaP and D. AI C4-2 cells treated with 2.5 or 5 µM p-XSC. 
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Figure 18 Selenium analysis in p-XSC-treated cells.  Selenium content in parts per billion 
(ppb) of media, whole-cell lysates, cytosolic, and nuclear fractions from AR LNCaP cells 
treated with 5 µM p-XSC for 1 or 24 hr. 
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Figure 19 Proposed scheme for the inhibition of both arms of the mTOR pathway by p-XSC 
and rapamycin in AI C4-2 cells.  Rapamycin inhibits mTORC1 signaling while p-XSC 
inhibits mTORC2 signaling.  p-XSC treatment may offset feedback activation of Akt by 
rapamycin (represented by broken lines). 
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Table 1 Comparison of inhibition of C4-2 cell viability by rapamycin and p-XSC alone and 
in combination (t = 48 hr).  C4-2 cells were treated for 48 hr with a range of doses of 
rapamycin (10-4 – 1 µM) and p-XSC (0.625 – 5 µM) alone and in combination and assayed 
for viability using the MTT method. The resulting values for percent inhibition with 
rapamycin and p-XSC alone (%IRapa, %Ip-XSC) and in combination (%Icomb) as well as the fold 
change in inhibition elicited by the combination compared with the more effective agent at 
that dose are listed below. The doses of rapamycin and p-XSC (DRapa, Dp-XSC) shown are in 
µM units.  

D D - %1 %1 - %1 Fold chan e 

0 0.625 - 4.2 - -
0.0001 0.625 11.2 4.2 14.02 1.25 

0.001 0.625 14.6 4.2 34.32 2.35 
0.01 0.625 20.7 4.2 38.34 1.85 

0.1 0.625 24.8 4.2 45.86 1.85 
1 0.625 35.7 4.2 48.41 1.36 

0 1.25 - 5.1 - -
0.0001 1.25 11.2 5.1 34.18 3.05 

0.001 1.25 14.6 5.1 44.40 3.04 
0.01 1.25 20.7 5.1 39.52 1.91 

0.1 1.25 24.8 5.1 42.11 1.70 
1 1.25 35.7 5.1 43.40 1.22 

0 2.5 - 17.8 - -
0.0001 2.5 11.2 17.8 27.08 1.52 

0.001 2.5 14.6 17.8 40.91 2.30 
0.01 2.5 20.7 17.8 45.96 2.22 

0.1 2.5 24.8 17.8 47.00 1.90 
1 2.5 35.7 17.8 50.73 1.42 

0 5 - 23.5 - -
0.0001 5 11.2 23.5 49.16 2.09 

0.001 5 14.6 23.5 56.26 2.39 
0.01 5 20.7 23.5 55.68 2.37 

0.1 5 24.8 23.5 61.19 2.47 
1 5 35.7 23.5 70.10 1.96 
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Table 2 Comparison of inhibition of C4-2 cell viability by rapamycin and p-XSC alone and 
in combination (t = 72 hr).  C4-2 cells were treated for 72 hr with a range of doses of 
rapamycin (10-4 – 1 µM) and p-XSC (0.625 – 5 µM) alone and in combination and assayed 
for viability using the MTT method. The resulting values for percent inhibition with 
rapamycin and p-XSC alone (%IRapa, %Ip-XSC) and in combination (%Icomb) as well as the fold 
change in inhibition elicited by the combination compared with the more effective agent at 
that dose are listed below. The doses of rapamycin and p-XSC (DRapa, Dp-XSC) shown are in 
µM units.  

D D - %1 %1- %1 Fold chan e 

0 0.625 0.3 - -
0.0001 0.625 4.2 0.3 0.20 0.05 

0.001 0.625 11.5 0.3 19.92 1.73 
0.01 0.625 21 0.3 22.77 1.08 

0.1 0.625 33 0.3 30.72 0.93 
1 0.625 31.8 0.3 29.00 0.91 

0 1.25 5.7 - -
0.0001 1.25 4.2 5.7 12.44 2.18 

0.001 1.25 11.5 5.7 25.15 2.19 
0.01 1.25 21 5.7 30.87 1.47 

0.1 1.25 33 5.7 30.37 0.92 
1 1.25 31.8 5.7 32.84 1.03 

0 2.5 6.9 - -
0.0001 2.5 4.2 6.9 14.86 2.15 

0.001 2.5 11.5 6.9 27.68 2.41 
0.01 2.5 21 6.9 34.54 1.64 

0.1 2.5 33 6.9 37.61 1.14 
1 2.5 31.8 6.9 46.08 1.45 

0 5 21.2 - -
0.0001 5 4.2 21.2 38.98 1.84 

0.001 5 11.5 21.2 46.96 2.22 
0.01 5 21 21.2 50.99 2.40 

0.1 5 33 21.2 57.49 1.74 
1 5 31.8 21.2 64.49 2.03 
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Table 3 Values obtained from median effect analysis of p-XSC, rapamycin, and combination .  
Median effect plots [ log(fa/fu) vs. log(D) ] were graphed for each agent alone and in 
combination (constant molar ratio of 5000:1) and then fit to a linear model to generate their 
median effect equations.  Dm values were subsequently calculated. 

Table 4 Calculated values for the combination index (CI) as a function of fractional inhibition 
(Fa) of cell viability for a mixture of p-XSC and rapamycin (molar ratio 5000:1). Single values 
indicate the CI calculated with α as 0 and 1 were the same.  For cases where two CI values are 
listed, the first value represents the CI calculated using α = 1; values in parentheses are for the 
case where α = 0. 
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KEY RESEARCH AND TRAINING ACCOMPLISHMENTS 
 
Training 
 
• Further acquired the skills to formulate hypotheses, perform independent experiments, and interpret 
data. 
 
• Presented research findings and sought feedback at an international cancer research meetings (AACR 
2009 Annual Meeting, Denver, CO; AACR 2010 Annual Meeting, Washington, DC) and in house during 
Department of Biochemistry and Molecular Biology’s student seminar series and at the Annual Graduate 
Student Research Forum. 
 
• Examined literature on the role of selenium on prostate cancer prevention and published a review article 
title “Potential stages for prostate cancer prevention by selenium: Implications for cancer survivors” in the peer-
reviewed journal Cancer Research (Facompre N and El-Bayoumy K. Cancer Res. 2009;69:2699-703). 
 
• Published key research findings in the peer-reviewed journal Cancer Prevention Research (Facompre 
ND, El-Bayoumy K, Sun YW, Pinto J, and Sinha R. 1,4-phenylenebis(methylene)selenocyanate but not 
selenomethionine inhibits androgen receptor and Akt signaling in human prostate cancer cells. Cancer Prev Res 
2010; 3:975-84) 
 
• Prepared a second research manuscript to be submitted for publication this year (Facompre ND, El-
Bayoumy K, Sun YW, Pinto J, and Sinha R. 1,4-phenylenebis(methylene) selenocyanate (p-XSC) and 
rapamycin as a combination treatment for androgen independent prostate cancer. 2011) 
 
• Completed several of the tasks outlined in the SOW for this award in a timely fashion. 
 
• Completed all requirements and was awarded the degree of Ph.D. in Biochemistry and Molecular 
Biology from The Pennsylvania State University. 
 
• Obtained a postdoctoral position at the University of Pennsylvania with Dr. Devraj Basu (Department of 
Head and Neck Surgery) and will be working as a visiting scientist in the laboratory of Dr. Meenhard Herlyn at 
the Wistar Institute, Philadelphia, PA. 
 
Research 
 
• Determined that the apoptosis inducing capabilities of selenium compounds is dependent on dose and 
form.  We have found that, in contrast to SM, p-XSC dose-dependently inhibits viability, induces apoptosis, and 
modulates critical signaling molecules in both AR and AI cells.  
 
• Demonstrated that p-XSC effectively inhibits androgen receptor expression and transcriptional activity, 
Akt phosphorylation, and Akt-specific phosphorylation of the androgen receptor.  
 
• Resolved that though p-XSC can inhibit recombinant Sp1 activity, it does not down-regulate androgen 
receptor expression through inhibition of transcription factor Sp1 in cell culture. 
 
• Showed that p-XSC preferentially inhibits mTOR complex 2 (mTORC2) signaling in AI cells, a novel 
target for selenium in prostate cancer. 
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• Showed that that p-XSC in combination with the mTORC1 inhibitor rapamycin synergystically inhibits 
aggressive prostate cancer cell growth , at least in part, through inhibition of both arms of the mTOR signaling 
pathway. 
 
 
REPORTABLE OUTCOMES 
 
Poster Presentations 
 
 
• Facompre N, Sinha I, Pinto J, El-Bayoumy K, and Sinha R. 1,4-phenylenebis(methylene)selenocyanate 
(p-XSC) and rapamycin as a combination treatment for androgen independent prostate cancer. 101th Annual 
Meeting of the American Association for Cancer Research, Washington, DC, April 17-21, 2010 
 
• Facompre N, Sinha I, El-Bayoumy K, and Sinha R. Selenium targets mTOR signaling in prostate 
cancer cells. 100th Annual Meeting of the American Association for Cancer Research, Dencer, CO, April 18-22, 
2009 
 
• Facompre N, Sinha R, and El-Bayoumy K. Differential effects of naturally occurring and synthetic 
organoselenium compounds on androgen receptor regulation in prostate cancer cells. 21st Annual Graduate 
Student Research Forum, Hershey, PA, March 6, 2009 
 
Oral Presentations 
 
• Facompre N. Organoselenium-mediated alteration of prostate cancer signaling pathways. Thesis 
Defense, Penn State College of Medicine, Hershey, PA, June 8, 2010 
 
• Facompre N. Differential effects of naturally occurring and synthetic organoselenium compounds on 
prostate cancer signaling pathways. Department of Biochemistry and Molecular Biology Student Seminar 
Series, Penn State College of Medicine, Hershey, PA, June 8, 2009 
Facompre N 
 
• Facompre N. Differential effects of naturally occurring and synthetic organoselenium compounds on 
androgen receptor in prostate cancer cells. Department of Biochemistry and Molecular Biology Student 
Seminar Series, Penn State College of Medicine, Hershey, PA, July 7, 2008 
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CONCLUSION 
 
The findings of the current study support the established concept that dose and form are critical for the anti-
cancer effects of selenium compounds.  We show that p-XSC is a superior agent to SM, inhibiting AR LNCaP 
and AI C4-2 prostate cancer cell viability and inducing apoptosis at physiologically relevant doses.  Our 
investigations into the mechanisms of action of p-XSC have identified novel targets for this compound.  The 
current study finds that p-XSC’s anti-cancer effects are, in part, a consequence of inhibiting mTORC2, Akt, and 
androgen receptor signaling.  Scheme 1 represents our proposed pathway for the inhibition of mTOR, Akt, and 
the androgen receptor by p-XSC.  To briefly recapitulate, p-XSC preferentially inhibits mTORC2 complex 
formation subsequently inhibiting its downstream targets, including Akt and PKCα, contributing to its 
downstream effects of decreased cell viability and increased apoptosis.  Our findings suggest that selenium 
compounds may be of value, either individually or in combination with other therapies, for the treatment of 
prostate cancer because of their potential to inhibit critical prostate signaling pathways.  In support of this 
notion, we show that p-XSC in combination with rapamycin is superior to each agent alone in inhibiting 
prostate cancer cell growth.  Detailed mechanistic studies comparing different selenium compounds may 
provide a better understanding of clinical outcomes, particularly a possible rationale for the ineffectiveness of 
SM (alone and in combination with vitamin E) as a prostate chemopreventive agent in the prematurely halted 
Selenium and Vitamin E Cancer Prevention Trial (SELECT) (2).  The SELECT study was initiated after 
secondary results of the Nutritional Prevention of Cancer study reported selenium-enriched yeast, which 
contains various forms of selenium, reduced prostate cancer risk by 63% (1).  Future studies will continue to 
uncover the role of cell signaling pathways known to exhibit crosstalk with androgen receptor signaling (e.g., 
Akt and mTOR) in selenium-mediated inhibition of prostate cancer cells survival.  Ascertaining the specific 
molecular targets of structurally distinct organoselenium compounds as well as selenium-enriched yeast will be 
critical for the validation of selenium as a preventative or therapeutic modality for prostate cancer and for the 
development of more efficacious agents and treatment strategies.  
 
 
 

Scheme 1 Scheme for the mechanism of p-XSC-mediated inhibition of AI C4-2 human prostate cancer cells.  p-
XSC inhibits mTORC2 complex formation subsequently inhibiting its downstream targets, including Akt, 
contributing to downstream effects of decreased cell viability and increased apoptosis.  Akt-mediated regulation 
of aR (via phosphorylation at Ser 210) may contribute to, but does not solely account for p-XSC-mediated 
inhibition of aR activity and cell viability.  The alternate mechanisms by which p-XSC down-regulates aR 
transcriptional activity remain undetermined (represented by broken line). 
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APPENDIX A: Abstracts 
 
2009 Annual Graduate Student Research Forum 
March 6, 2009 
Hershey, PA 
  

Presentation Title: Differential effects of naturally occurring and synthetic organoselenium compounds 
on androgen receptor regulation in prostate cancer cells 

Presentation 
Start/End Time: 

Friday, Mar 6, 2009, 3:00 PM - 5:00 PM 

  

Author Block: Nicole Facompre, Indu Sinha, Karam El-Bayoumy, Raghu Sinha. Pennsylvania State 
University College of Medicine, Hershey, PA 

  
  
 
In the United States, prostate cancer is the most commonly diagnosed malignancy and second leading cause of 
cancer related death in men.  Chemoprevention is a plausible approach to block or delay the process of cancer 
development.  Epidemiologic analysis, preclinical studies, and some clinical intervention trials show a 
protective role for selenium against prostate cancer. However, the mechanisms that account for cancer 
prevention by selenium remain unclear.  The objective of the present study is to elucidate the mechanisms by 
which structurally distinct naturally occurring and synthetic organoselenium compounds exert their anti-
proliferative and/or pro-apoptotic effects on androgen responsive (AR) and androgen independent (AI) prostate 
cancer cells.  Toward this goal, using AR LNCaP and AI LNCaP C4-2 human prostate cancer cells, we 
examined the effects of a range of doses of selenomethionine (SM), a naturally occurring form of selenium, and 
1,4-phenylenebis(methylene)selenocyanate (p-XSC), a synthetic compound and superior agent to SM in 
numerous preclinical animal models on cellular and molecular targets that are critical in the development of 
prostate cancer.  We have shown that both SM and p-XSC inhibit AR and AI cell proliferation, though p-XSC 
is effective at significantly lower does.  We further demonstrated that these compounds have differential effects 
on apoptosis and cell cycle distribution.   Also, SM and p-XSC appear to inhibit androgen receptor signaling 
through different mechanisms. p-XSC down-regulates androgen receptor protein expression in both AR and AI 
prostate cancer cells while SM decreases androgen receptor levels in AR cells only.  SM and p-XSC also inhibit 
Akt-mediated phosphorylation of androgen receptor, which may play a role in modulating its regulation.  
However, only SM caused a decrease in phosho-Akt levels.  Together these results indicate that the direct 
effects of selenium compounds on prostate cancer cells differ depending on their structure and the androgen 
status of the cell line.  We are further exploring the effects of these compounds on pathways that regulate the 
androgen receptor (e.g., mTOR signaling, Sp1 and NFκB-mediated transcription) and that may be targeted by 
selenium.  Preliminary data shows that SM and p-XSC can inhibit mTOR and its downstream target p70S6 
kinase in AR and AI cells.  Also, SM and p-XSC directly inhibit the binding of recombinant Sp1 to DNA.  
Understanding the molecular mechanisms of selenium-mediated down-regulation of androgen receptor 
signaling will provide further evidence for its potential role against prostate cancer either individually or in 
combination with other therapeutic regimens. 
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2009 AACR Annual Meeting 
April 18-22, 2009 
Denver, CO 
  
Abstract Number: 5579 

Session Title: Novel Agents 4 
Presentation Title: The inhibitory effects of organoselenium compounds on mTOR signaling in 

prostate cancer cells 
Presentation Start/End 
Time: 

Wednesday, Apr 22, 2009, 8:00 AM -12:00 PM 

Author Block: Nicole Facompre, Indu Sinha, Karam El-Bayoumy, Raghu Sinha. Pennsylvania 
State University College of Medicine, Hershey, PA 

Prostate cancer is the most commonly diagnosed malignancy and the second leading cause of cancer-related 
death in men in the United States. Androgen receptor signaling is critical for prostate cancer cell growth and 
thus anti-androgen therapies are commonly used to treat localized disease. However, the cancer eventually 
relapses into a hormone-resistant state. Currently there is a lack of effective treatments for advanced and 
hormone-resistant prostate cancers. We have previously shown that selenomethionine (SM), and 1,4-
phenylenebis(methylene)selenocyanate (p-XSC) down-regulate androgen receptor expression and its 
phosphorylation in androgen responsive (AR) and androgen independent (AI) cells. Preclinical studies and 
proteomic analyses of human prostate tissues have implicated the mammalian target of rapamycin (mTOR) 
signaling pathway in the progression of prostate cancer and its transition to androgen independence, 
suggesting mTOR as a potential target for new therapies. Experimental studies further demonstrate a cross-
talk between mTOR and androgen signaling in prostate cancer cells. We hypothesize that selenium inhibits 
prostate cancer cell growth by interfering with the mTOR signaling pathway and this inhibition may be linked 
to down-regulation of androgen receptor signaling in these cells. Here we showed, for the first time, that 
selenium compounds (SM, p-XSC, and methylseleninic acid) inhibit phosphorylation of mTOR and its 
downstream target p70S6 kinase in both LNCaP (AR) and LNCaP C4-2 (AI) human prostate cancer cells. 
Selenium-mediated inhibition of mTOR is attenuated by stimulation with androgens in AR but not in AI cells. 
Experiments are underway to determine if there is a link between mTOR inhibition by selenium and 
selenium-mediated modulation of androgen receptor signaling. In addition, the effects of different forms and 
doses of selenium on both mTOR complexes (mTORC1 and mTORC2) and their components are being 
examined. Validation of mTOR as a target of selenium in prostate cancer will provide evidence for its 
potential role against advanced and hormone refractory prostate disease either individually or in combination 
with anti-androgens. 
Support: DOD PC074101, NCI R01127729, Penn State Hershey Cancer Institute Funds 
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2010 AACR Annual Meeting 
April 17-21, 2010 
Washington, DC 
 
Abstract Number: 574 

Session Title: Experimental and Molecular Therapeutics 4 
Presentation Title: 1,4-phenylenebis(methylene)selenocyantate (p-XSC) inhibits mammalian target of 
rapamycin complex 2 (mTORC2) signaling in prostate cancer cells 
 

Presentation Start/End Time: Sunday, Apr 17, 2010, 2:00 PM – 5:00 PM 
Author Block: Nicole Facompre, Indu Sinha, John Pinto, Karam El-Bayoumy, and Raghu Sinha 
 
The lack of treatment for worried-well patients with high-grade prostatic intraepithelial neoplasia combined 
with issues of recurrence and hormone resistance in prostate cancer survivors remains a major public health 
obstacle.  The long latency of prostate cancer development provides an opportunity to intervene with 
mechanistically-based agents at various stages of disease progression.  Preclinical studies and 
immunohistochemical analyses of human prostate adenocarcinoma tissues have implicated the mammalian 
target of rapamycin (mTOR) signaling pathway in the progression of prostate cancer and its transition to 
androgen independence, suggesting mTOR as a potential target for new therapies.  Preclinical studies in human 
prostate cancer cells also show that there is cross-talk between mTOR and androgen receptor signaling, a 
process critical for prostate cancer growth and survival.  We have previously shown that the synthetic 
organoselenium compound p-XSC effectively inhibits cell viability and down-regulates androgen receptor 
expression and transcriptional activity in androgen responsive (AR) and androgen independent (AI) human 
prostate cancer cells; the naturally occurring selenomethionine was either ineffective or weakly active at non-
physiological levels.  Therefore, we focused our study on the effects of p-XSC and we hypothesized that it 
inhibits prostate cancer cell growth by interfering with mTOR signaling and that inhibition of this pathway may 
be linked to down-regulation of androgen receptor signaling in these cells.  Here we show that p-XSC inhibits 
phosphorylation of mTOR in both AR LNCaP and AI LNCaP C4-2 human prostate cancer cells.  This 
inhibition is attenuated by stimulation with androgens in AR LNCaP but not AI C4-2 cells, emphasizing a 
cross-talk between the two pathways.  p-XSC also decreases mTOR binding to mTOR complex 2 (mTORC2) 
protein Rictor in AR LNCaP and AI C4-2 cells and inhibits the phosphorylation of mTORC2 downstream target 
Akt.  Since p-XSC appears to be inhibiting mTORC2 as well as androgen signaling, we further hypothesized 
that the combination of p-XSC with rapamycin, which primarily targets mTORC1, may be a superior approach 
to inhibit prostate cancer cell growth than either agent alone.  Our data clearly support this hypothesis.  
Validation of mTOR as a target of selenium in prostate cancer will provide evidence for its potential role 
against advanced and hormone refractory prostate disease either individually or in combination with therapies 
that target other signaling pathways.   
Support: NIH CA111842, DOD W81XWH-08-1-0297 
 
Short title: Selenium inhibits mTORC2 signaling 
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Abstract 

The lack of treatment for worried-well patients with high-grade prostatic intraepithelial 

neoplasia combined with issues of recurrence and hormone resistance in prostate cancer survivors 

remains a major public health obstacle.  The long latency of prostate cancer development provides an 

opportunity to intervene with agents of known mechanisms at various stages of disease progression.  

A number of signaling cascades have been shown to play important roles in prostate cancer 

development and progression, including the androgen receptor (AR) and PI3K/Akt signaling 

pathways.  Crosstalk between these two pathways is also thought to contribute to progression and 

hormone refractory prostate disease.    Our initial investigations show that the naturally occurring 

organoselenium compound selenomethionine (SM) and synthetic 1,4-

phenylenebis(methylene)selenocyanate (p-XSC) can inhibit human prostate cancer cell viability; 

however, in contrast to SM, p-XSC is active at physiologically relevant doses.  In the current 

investigation we show p-XSC, but not an equivalent dose of SM, alters molecular targets and induces 

apoptosis in androgen responsive LNCaP and androgen independent LNCaP C4-2 human prostate 

cancer cells.  p-XSC effectively inhibits AR expression and transcriptional activity in both cell lines.  p-

XSC also decreases Akt phosphorylation as well as Akt-specific phosphorylation of the AR.  Inhibition 

of Akt, however, does not fully attenuate p-XSC-mediated down-regulation of AR activity suggesting 

inhibition of AR signaling by p-XSC does not occur solely through alterations in the PI3K/Akt survival 

pathway.  Our data suggest that p-XSC inhibits multiple signaling pathways in prostate cancer, likely 

accounting for down-stream effects on proliferation and apoptosis.   
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Introduction 

Prostate cancer is the most commonly diagnosed malignancy in men in the United States and 

the second leading cause of cancer-related death (1).  Issues of recurrence and hormone resistance 

combined with the lack of treatment for men with high-grade prostatic intraepithelial neoplasia 

(HGPIN), a premalignant condition, present a major public health problem.  Thus, mechanism-based 

alternative and/or adjuvant therapies and strategies for prevention and treatment are critically 

needed.   

Diets rich in selenium, organoselenium compounds or selenized yeast (SeY) have been shown 

in epidemiologic and preclinical studies, as well as in some clinical intervention trials to have a 

protective role against prostate cancer (reviewed in 2). Perhaps the most notable and exciting 

evidence for the protective role of organoselenium in the form of SeY emerged from a clinical study 

by Clark et al (3).  In contrast, preliminary data accrued from the prematurely halted Selenium and 

Vitamin E Cancer Prevention Trial (SELECT) that investigated the effects of selenomethionine (SM), 

a major component of SeY, individually and in combination with vitamin E showed no effect of SM on 

prostate cancer rates (4).  Several hypotheses have been offered that may explain the lack of effect 

of SM in the SELECT study (5).  Considering this lack of effect, there is an even more pressing need 

to develop and test mechanism-based organoselenium compounds.  The results of preclinical studies 

as well as small scale clinical trials using various analogs of organoselenium can assist in making an 

informed evaluation as to whether selenium supplementation would benefit (or harm) specific 

populations (5, 6). 

Studies in prostate cancer cell lines show that the dose and form of organoselenium can 

determine its diverse cellular responses.  For example, organoselenium can manifest its 

chemopreventive activity either by conversion to a variety of selenometabolites such as methylselenol 

or seleno α-keto acids and/or by incorporation into a number of antioxidant selenoproteins, namely, 

glutathione peroxidase and thioredoxin reductase (7).  In this study we compared the effects of two 
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structurally distinct organoselenium compounds, naturally occurring SM and synthetic 1,4-

phenylenebis(methylene)selenocyanate (p-XSC) (Figure 1 A), on critical prostate cancer signaling 

pathways in androgen responsive and androgen independent human prostate cancer cells.  Studies 

in prostate cancer cell lines have shown that SM at non-physiological levels can inhibit growth, induce 

cell cycle arrest and alter the expression of a number of genes and proteins important for prostate 

cancer survival (8-11).  However, limited studies in animal models of prostate cancer show SM to be 

largely ineffective at inhibiting tumor incidence and growth (12-14).  p-XSC, which was developed in 

our laboratory, has been shown to be more effective than SM at inhibiting tumorigenesis in a number 

of preclinical animal models (15-18).  We have previously shown that p-XSC is effective at inhibiting 

both LNCaP and LNCaP C4-2 (here onwards referred to as C4-2) human prostate cancer cell growth 

(10,11). 

Various selenium compounds have been shown to interfere with androgen receptor (AR) 

signaling and PI3K/Akt signaling in prostate cancer cells (19-25).  Altered activity and crosstalk 

between these pathways appear to be a prominent feature of prostate cancer progression and the 

transition to androgen independence (26-29).  However studies aimed at determining whether 

selenium-mediated down-regulation of androgen signaling is a result of inhibiting its crosstalk with Akt 

are limited.  In this study, we investigated the effects of SM and p-XSC on AR and Akt signaling and 

explored whether crosstalk between these two pathways plays a role in the cellular responses to 

different forms of organoselenium. 

Materials and Methods 

Reagents and cell lines  

SM was purchased from PharmaSe™ Inc. (Lubbock, TX) and p-XSC was synthesized as 

reported previously (30).  Akt inhibitor VIII was purchased from EMD Chemicals (Gibbstown, NJ).   

Androgen responsive (AR) LNCaP cells were obtained from the American Type Culture Collection 

(Manassas, VA) and androgen non-responsive and therefore androgen independent (AI) LNCaP C4-
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2 cells were obtained from Dr. Warren D.W. Heston, The Lerner Research Institute, The Cleveland 

Clinic Foundation, OH.   

Cell culture and organoselenium treatments 

LNCaP cells were maintained in RPMI-1640 medium with 10% heat-inactivated Fetal Bovine 

Serum (FBS). C4-2 cells were maintained under the same conditions but with 10% FBS.  Cells that 

were to be stimulated by dihydrotestosterone (DHT) were grown and treated in phenol red-free RPMI-

1640 media supplemented with 10% charcoal stripped FBS.  Cells were maintained at 37oC in a 

humidified atmosphere of 5% CO2 and were routinely passaged when they were 70-80% confluent.  

Following incubation, cells were harvested from plates by either trypsinization or gentle scraping and 

washed with PBS.   

Cells were plated in 10 cm dishes (1 million cells/plate) or 96-well plates (5,000 or 10,000 

cells/well) depending on the assay, grown for 48 h and then treated with either SM or p-XSC.  Both 

LNCaP and C4-2 cells were incubated in media containing SM at doses ranging from 0 to 100 µM or 

p-XSC at doses not exceeding 20 µM.  The vehicles for SM and p-XSC were saline and 

dimethylsulfoxide (DMSO), respectively.  Treatments continued for 24 h to examine longer term 

effects of these compounds on cellular processes or for a shorter exposure time of 1.5 h to evaluate 

early changes in molecular targets since literature data has shown that organoselenium-mediated 

alterations of the AR and Akt signaling pathways can been seen as early as 1 hour post-treatment 

(24,31).  After incubation, cells were processed for further analysis. 

Cell Viability Assay 

Briefly, LNCaP and C4-2 cells were plated in triplicate in 96-well plates.  Following treatment 

for 1.5 or 24 h with a range of doses of SM (2.5 to 100 µM) or p-XSC (1.25 to 20 µM), MTT assay 

was performed as previously described to determine cell viability (11).  A solution of 3-(4,5-dimethyl-

2-thiazolyl)-2,5-diphenyl-2H tetrazolium bromide (MTT, Sigma, St. Louis, MO) in phenol red-free 

RPMI-1640 medium at a final concentration of 0.5 mg/ml (50 µg total MTT/well) was added to each 
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well and cells were incubated in the dark at 37oC for 4 hr.  The MTT solution was then removed, 100 

µl of DMSO was added to each well, and absorbance read at 570 nm using a SPECTRAmax® 

PLUS384 plate reader (Molecular Devices Corporation, Sunnyvale, CA).  The assay was performed in 

triplicate and results are expressed as percent of untreated or vehicle-only control.  

Cell Death ELISA 

LNCaP and C4-2 cells were plated in duplicate in 96-well plates.  Following treatment for 24 h 

with SM (10, 50, 100 µM) or p-XSC (2.5, 5, 10 µM), cells were assayed for the presence of 

cytoplasmic histone-associated DNA fragments characteristic of apoptosis using the Roche Cell 

Death ELISA kit (Basel, Switzerland), according to the manufacturer’s instructions.  Enrichment factor 

values were calculated as follows: [A405-A490]sample/[A405-A490]control. The assay was performed in 

triplicate and results are expressed as fold induction of apoptosis compared with untreated or vehicle-

only controls. 

Immunoblotting  

Immunoblotting was performed as previously described to determine changes in molecular 

markers (10).  Briefly, LNCaP and C4-2 cells were treated with SM (5, 10, 50 and 100 µM) or p-XSC 

(5, and 10 µM) for 24 h, harvested by scraping and washed with phosphate buffered saline.  Protein 

extraction was carried out using cell lysis buffer (20 mM Tris pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 

mM EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1mM β-glycerophosphate, 1 mM 

Na3VO4, 1 µg/ml leupeptin) with freshly added 1 mM phenylmethylsulfonyl fluoride.  Equal amounts of 

protein (35 µg) were separated on 10% SDS-PAGE gels and transferred to nitrocellulose 

membranes.  Primary antibodies used at a 1:1000 dilution for immunoblotting were Akt, phospho-Akt 

(Ser473), cleaved PARP (Asp214) and androgen receptor from Cell Signaling Technology (Beverly, 

MA), phospho-androgen receptor (Ser210) from Abcam, Inc. (Cambridge, MA) and GAPDH from 

Santa Cruz (Santa Cruz, CA).  Anti-mouse and anti-rabbit secondary antibodies (Cell Signaling, 

Beverly, MA) were used at a dilution of 1:3000.  Band expressions were developed using ECL 
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reagents from Amersham (Piscataway, NJ) and density analyzed using VisionWorks™ software 

(UVP, Inc. Upland, CA).  All immunoblotting experiments were repeated three times.  The results are 

presented as representative blots from single experiments and/or in graph form as the average of the 

measured band densities from three experiments. 

QRT-PCR 

Total RNA was isolated using the TRIZOL reagent (Gibco BRL, Rockville, MD) from LNCaP 

and C4-2 cells treated with 10 µM SM or p-XSC and that had been stimulated with AR ligand 

dihydrotestosterone (DHT) at a final concentration of 10 nM to activate AR signaling  .  The RNA was 

pelleted by centrifugation, washed using 75% ethanol and dissolved in RNase-free water.  cDNA 

synthesis was carried out with the Superscript™ First Stand Synthesis System (Invitrogen, Carlsbad, 

CA) according to the manufacturer's instructions using oligo(dT) as the primer.  PCR was performed 

using the RT2 SYBR Green Master Mix (Superarray Bioscience Corporation, Frederick, MD).  Primers 

were used at a final concentration of 100 nM in 25 µl PCR reactions.  cDNA negative controls were 

run for each target gene.  GAPDH expression was determined for each sample and used to 

normalize expression of the target gene.  Relative expressions are depicted as percent of the 

normalized untreated control.  The sequences of the primers were as follows: GAPDH (forward, 5’-

AAGGTCGGAGTCAACGGATTTGGT-3’; reverse, 5’-ACAAAGTGGTCGTTGAGGGCAATG-3’) and 

PSA (forward, 5'-GCCTCTCGTGGCAGGGCAGT-3'; reverse, 5'-CTGAGGGTGAACTTGGGCAC-3').  

For PSA, thermocycling conditions were initiated with a 10 min 95oC activation step followed by 

cycles of 94oC for 15 sec and 56oC for 30 sec and 72oC for 30 sec.  For GAPDH, thermocycling 

conditions were initiated with a 10 min 95oC activation step followed by cycles of 95oC for 15 sec, 

62oC for 30 sec, and 72oC for 45 sec.  Reactions were run in duplicate and experiments were 

repeated three times.  Relative expressions were calculated using the ΔΔCt method.  The results are 

presented as representative raw data from single experiments and/or in graph form as the average of 

the relative expressions from three experiments.  
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Statistics 

Results are expressed as mean ± standard error.  Statistical significance was analyzed using either 

the Student’s t test or two-factor analysis of variance (ANOVA).  Differences were considered 

significant at p < 0.05. 

Results 

The effects of SM and p-XSC on cell viability 

We investigated the effects of SM and p-XSC on cell viability by MTT assay after 1.5 and 24 h 

of treatment.  p-XSC (10 µM) began to inhibit LNCaP and C4-2 cell viability after a short duration (1.5 

h) of treatment (Figure 1B).  SM, at doses up to 100 µM, showed no inhibition of LNCaP or C4-2 cell 

viability after 1.5 h (Figure 1B).  At 24 h, p-XSC dose-dependently inhibited LNCaP and C4-2 cell 

viability with IC50 of 7.0 and 7.6 µM, respectively (Figure 1B).  However, SM still had no effect on both 

cell types. 

Dose-response effects of SM and p-XSC on apoptosis 

We investigated the effect of SM and p-XSC on apoptosis in LNCaP and C4-2 cells using Cell 

Death ELISA.  p-XSC treatment resulted in 2.5-, 3.7-, and 5.8-fold increases in apoptosis in LNCaP 

cells at concentrations of 2.5, 5, and 10 µM, respectively (Figure 2A).  Similarly in C4-2 cells, p-XSC 

induced 2.9-, 3.5-, and 4.4-fold increases in apoptosis at concentrations of 2.5, 5, and 10 µM, 

respectively (Figure 2B). SM showed no induction of apoptosis in LNCaP cells at concentrations up to 

100 µM.  SM caused a significant decrease (32%, p < 0.05) in apoptosis in C4-2 cells at the lowest 

dose tested (10 µM) but had no effect at higher doses (50 or 100 µM).  We also analyzed the effects 

of SM and p-XSC on apoptosis by examining Poly (ADP-ribose) polymerase (PARP) cleavage.  

PARP is a major target of caspases in vivo (32,33).  Immunoblot analysis of cell lysates from LNCaP 

and C4-2 cells showed increased levels of cleaved PARP (Asp 214) in cells treated with 5 and 10 µM 

p-XSC (Figure 2A,B).  LNCaP and C4-2 cells treated with doses of SM ranging from 5 to 100 µM 

showed no detectable PARP cleavage, supporting the above finding that SM is not inducing 
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apoptosis in these cells.  No induction of PARP cleavage was seen after 1.5 h of treatment with either 

p-XSC or SM in LNCaP and C4-2 cells (data not shown).  Taken together these results show that p-

XSC significantly and dose-dependently induces apoptosis similarly in LNCaP and C4-2 cells and that 

inhibition of cell viability by p-XSC is due, at least in part, to programmed cell death. 

The effects of SM and p-XSC on androgen receptor and Akt pathway proteins 

To determine the effect of SM and p-XSC on AR signaling, we first examined the effects of 

these compounds on AR protein levels in LNCaP and C4-2 cells. SM and p-XSC significantly reduced 

AR protein levels in LNCaP cells after 24 h though p-XSC was superior to SM (Figure 3 A,B).  p-XSC 

also significantly reduced AR protein levels in C4-2 prostate cancer cells, while SM showed a non-

significant increase in AR protein expression (Figure 3 A,B). 

We also investigated, by western blot analysis, the effects of SM and p-XSC on Akt 

phosphorylation and phosphorylation of AR at the major Akt-specific phosphorylation site, Ser 210, in 

LNCaP and C4-2 cells (34).  After 24 h of treatment both p-XSC and SM at doses of 10 µM and 

higher reduced the levels of AR phosphorylated at Ser 210 in both cell types (data not shown).  No 

inhibitory effects were seen in C4-2 cells treated with SM.  However, this down-regulation of AR 

phosphorylation correlated with the decreased levels of total AR protein.  Therefore, we next 

examined AR phosphorylation after 1.5 h of exposure.  SM decreased total AR proteins levels after 

1.5 h of treatment, but caused non-significant changes in AR and Akt phosphorylation (Figure 3C).  

SM did, however, dose-dependently increase AR phosphorylation in C4-2 cells at this time point 

(Figure 3C).   After 1.5 h, p-XSC did not alter total AR levels in LNCaP or C4-2 cells but did decrease 

Akt-mediated phosphorylation of the AR at Ser 210 as well as Akt phosphorylation at Ser 473 in both 

cell lines (Figure 3C).  These effects on Akt phosphorylation were undetectable after 24 h of 

treatment with these compounds (data not shown), suggesting alteration of the PI3K/Akt pathway 

may be an early event in selenium-mediated modulation of prostate cancer cell growth. 

The effects of SM and p-XSC on androgen receptor activity 
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We examined the effects of SM and p-XSC on AR transcriptional activity by measuring the 

RNA expression of PSA, an androgen-regulated gene.  p-XSC (10 µM)  significantly decreased PSA 

mRNA levels in both LNCaP and C4-2 cells (Figure 4A,B). SM (10 µM) showed no significant change 

in PSA expression in either LNCaP or C4-2 cells (Figure  4A,B).   

To determine whether p-XSC specifically inhibits androgen-induced PSA expression we further 

compared the effects on PSA mRNA levels in unstimulated cells with cells stimulated with the AR 

ligand DHT.  Inhibition of PSA expression was significantly enhanced in LNCaP cells stimulated with 

DHT compared with unstimulated cells (Figure 4C), suggesting the decrease in PSA mRNA levels is 

due, at least in part, to inhibition of AR transcriptional activity. 

Akt inhibition and p-XSC-mediated inhibition of LNCaP and C4-2 cells 

In order to determine whether the inhibition of Akt by p-XSC was contributing to the 

downstream effects on cell viability we first treated cells with an Akt specific inhibitor and then 

exposed them to p-XSC for 1.5 h.  The inhibitor alone at a final concentration of 2 µM (at which there 

is a dramatic inhibition of Akt phosphorylation in LNCaP and C4-2 cells) decreased cell viability in 

LNCaP cells by less than 10% and in C4-2 cells by close to 20% (Figure 5A).   p-XSC decreased cell 

viability similarly in both untreated LNCaP cells and cells pre-treated with the Akt inhibitor suggesting 

that inhibition of Akt by p-XSC does not solely account for the decrease in cell viability.  Inhibition of 

cell viability by p-XSC in the C4-2 cells was slightly, albeit significantly, attenuated by pre-treatment 

with the Akt inhibitor suggesting a more important role for p-XSC-mediated inhibition of Akt signaling 

in these cells.  However, it is clear that in both LNCaP and C4-2 cells p-XSC may be inhibiting 

additional targets/pathways contributing to prostate cancer cell death. 

To investigate whether inhibition of Akt is a factor in the down regulation of AR activity by p-

XSC, we measured the effects of SM and p-XSC on PSA mRNA levels in the presence of an Akt 

inhibitor.  LNCaP and C4-2 cells were exposed to the inhibitor then treated with either SM or p-XSC 

(10 µM) and subsequently with DHT to stimulate AR activity.  Treatment of both LNCaP and C4-2 
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cells with the Akt inhibitor alone significantly decreased PSA mRNA levels showing that Akt does 

affect AR transcriptional activity in these cells (Figure 5B).  Results showed that inhibiting Akt 

signaling prior to exposure to p-XSC had no attenuating effect on the AR inhibiting activity of the 

compound.  In fact, the combination of the Akt inhibitor and p-XSC seems to enhance inhibition of 

PSA expression suggesting that p-XSC may target AR signaling via mechanisms in addition to or 

other than Akt down-regulation. 

Discussion 

In this study we found marked differences in the responses of both LNCaP and C4-2 prostate 

cancer cells to the structurally distinct organoselenium compounds SM and p-XSC.  Comparison of 

growth effects of SM and p-XSC on LNCaP and C4-2 cells highlighted the significant role structure 

and dose play in mediating cellular response to organoselenium compounds.  p-XSC is superior to 

SM at inhibiting prostate cancer cell viability.  At the doses examined, only p-XSC was able to induce 

apoptosis, a critical cellular event in cancer prevention by selenium compounds (35).  Though SM has 

been the supplemental form of selenium used in a handful of clinical prostate cancer trials including 

the most recent and largest ever conducted SELECT study, it was not able to achieve significant 

inhibition of LNCaP or C4-2 cells at physiologically relevant doses after 24 h of treatment and even 

appeared protective in C4-2 cells.  By contrast, p-XSC can achieve significant growth inhibition of 

both LNCaP and C4-2 prostate cancer cells at concentrations as low as 5 µM.  SM was able to down-

regulate AR protein levels in LNCaP cells after 24 h of treatment, however had no effect on AR 

activity and therefore did not alter cell growth.  It is possible that inhibition of AR by SM may be 

occurring at a later time point and thus longer exposures to SM may elicit inhibitory effects on cell 

growth that were missed after only 24 h of treatment.  These findings underscore the importance of 

determining efficacy and understanding the mechanisms of organoselenium compounds as they may 

possess often quite diversified function in their ability to prevent or control prostate cancer 

progression. 
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 It is increasingly evident that crosstalk between AR and other signaling pathways (e.g., 

PI3K/Akt) may play an important role in advanced prostate cancer.  Cell viability analyses in our study 

showed an increased sensitivity of the C4-2 cells to an Akt-specific inhibitor, which may be due to an 

increased reliability of androgen refractory cells on the PI3K/Akt pathway.  To our knowledge the 

potential for selenium compounds to affect the crosstalk between Akt and AR signaling has not been 

previously explored.  Figure 6 shows our proposed scheme for p-XSC-mediated inhibition of LNCaP 

and C4-2 human prostate cancer cells. 

AR phosphorylation by several kinases including Akt is thought to play a role in the regulation 

of its function (27,34,36).  We have shown, for the first time that an organoselenium compound can 

down-regulate Akt-specific phosphorylation of the AR, a potentially pivotal regulatory mechanism and 

player in androgen independence.  Though p-XSC inhibited PSA expression in a manner similar to 

that of an Akt-specific inhibitor, inhibition of Akt prior to treatment with p-XSC did not attenuate the 

effect of p-XSC on PSA mRNA levels.  This suggests that p-XSC inhibits AR activity via additional or 

distinct mechanisms and the inhibition of AR and Akt signaling by this agent may occur 

independently.  We have considered the possibility that p-XSC directly inhibits AR activity.  In our 

previous study we showed that the covalent binding of p-XSC to cysteinyl moieties within the p50 

subunit of NFκB may potentially account for its inhibition of the transcription factor (37).  

Organoselenium compounds can exhibit higher nucleophilicity than organosulfur (cysteinyl) moieties 

and thus can facilitate disruption of the charge relay system that involves zinc finger motifs (38).  

Selenium compounds have been shown to inhibit DNA binding and induce zinc release from DNA 

repair proteins (38).  The DNA binding domain of the AR, which contains two zinc finger motifs each 

with a four-cysteine coordination site, may be a target for p-XSC.     

This study compared the effects of SM and p-XSC on molecular markers at equal doses less 

than or equal to 10 µM (which include physiological selenium levels) even though SM showed no 

clear inhibition of LNCaP or C4-2 cells at these concentrations.  The concentrations of SM required to 
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achieve significant inhibition are exceedingly higher than those used in the clinic.  Preliminary data 

from our laboratory indicates differences in mechanisms of action between SM and p-XSC.  For 

example, p-XSC causes cell cycle arrest in G1 whereas SM treatment causes cells to accumulate in 

G2/M, which has also been previously shown by others (39). 

Our findings that p-XSC inhibits both LNCaP and C4-2 prostate cancer cell growth and 

modulates clinically relevant signaling pathways lend support for the evaluation of this agent in well-

defined animal models of prostate cancer and ultimately for its potential use in the management of 

prostate cancer.  Future studies may benefit from exploring the effects of organoselenium at stages 

beyond localized prostate cancer as evidence supports a potential role for p-XSC and various other 

selenium compounds in mediating metastasis and androgen independence, events inherent to 

increased mortality.  With the goal of increasing survivorship and improving quality of life issues, 

investigators should consider the efficacy of organoselenium compounds in future exploration of 

primary or supplemental treatment options for advanced prostate cancer.  However, caution should 

be exercised since it has been shown that high levels of serum selenium were associated with a 

slightly elevated risk of aggressive prostate cancer in individuals carrying a certain variant form of the 

superoxide dismutase (SOD2) gene (6).  Clearly, not all individuals appear to benefit from selenium 

supplementation and the future design of clinical trials should carefully consider the form and dose of 

selenium as well as the population’s baseline selenium levels and their selenium-dependent genetic 

polymorphism. 
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Figure Legends 
 

Fig. 1. A.Structures of 1,4-phenylenebis(methylene)selenocyanate (p-XSC) and selenomethionine 

(SM). B. The effects of SM and p-XSC on cell viability.  Cell viability was measured by MTT assay in 

LNCaP and C4-2 human prostate cancer cells treated with a range of doses of SM and p-XSC after 

1.5 h and 24 h of exposure.  Results are expressed as percent of control. (*p<0.05, **p<0.01, 

***p<0.001) 

  

Fig. 2. The effects of SM and p-XSC on induction of apoptosis.  Apoptosis was detected by cleaved 

PARP (cl-PARP) and measured by Cell Death ELISA in A. LNCaP and B. C4-2 cells treated for 24 h 

with a range of doses of SM and p-XSC.  GAPDH levels were assessed as a loading control.  ELISA 

results are represented by bar graph as fold induction of apoptosis compared with vehicle-only 

controls. (*p<0.05, **p<0.01) 

 

Fig. 3. The effects of SM and p-XSC on protein expression and phosphorylation.   Androgen receptor 

(AR) protein levels in whole cell lysates from LNCaP and C4-2 cells treated for 24 h with 5 or 10 µM 

A. SM and B. p-XSC were measured by immunoblot analysis. Results are presented as 

representative blots from single experiments and in graph form as the average band density 

(normalized to GAPDH protein levels) from three experiments relative to control samples. (*p<0.05, 

**p<0.01) C. Levels of phosphorylated Akt and phosphorylated androgen receptor in whole cell 

lysates of LNCaP and C4-2 cells treated for 1.5 h with 5 or 10 µM SM and p-XSC were measured by 

immunoblotting.  Fold change in band densities of phosphorylated proteins were normalized to the 

band densities of their respective total protein and to GAPDH levels. 

 

Fig. 4. The effects of SM and p-XSC on androgen target gene PSA.  PSA mRNA levels were 

measured by quantitative real time PCR in A. LNCaP and B. C4-2 cells treated with 10 µM SM or p-
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XSC (1.5 h) and stimulated with 10 nM dihydrotestosterone (DHT).  The results are presented as 

representative raw data (fluorescence vs. cycle number) from single experiments and/or in graph 

form as the average of the relative expressions (normalized to GAPDH mRNA levels) from three 

experiments.  C. PSA mRNA levels were measured in LNCaP and C4-2 cells treated with 10 µM p-

XSC and stimulated with DHT and the percent inhibition (compared with untreated controls) was 

compared to treated cells not stimulated with DHT. (*p<0.01, **p<0.001) 

 

Fig. 5.  The effects of Akt inhibitor on selenium-mediated inhibition of cell viability and PSA 

expression.  A. Cell viability in LNCaP and C4-2 cells pre-treated with an Akt-specific inhibitor (Akti, 2 

µM) for 1 h and/or treated with selenium (10 µM SM or p-XSC) for 1.5 h was measured by MTT 

assay.  Results are expressed as percent of vehicle-only treated control. (*p<0.05, **p<0.001) B. PSA 

mRNA levels in LNCaP and C4-2 cells pre-treated with an Akt-specific inhibitor (Akti, 2 µM) for 1 h 

and/or treated with p-XSC (10 µM) for 1.5 h and stimulated with 10 nM DHT were measured by QRT-

PCR.  Results are normalized to GAPDH mRNA levels and are expressed as percent of vehicle-only 

treated control. (*p<0.05, **p<0.01, ***p<0.001) 

 

Figure 6. Proposed scheme for p-XSC-mediated inhibition of LNCaP and C4-2 human prostate 

cancer cells.  p-XSC inhibits both Akt signaling and AR signaling, contributing to its downstream 

effects of decreased cell viability and increased apoptosis.  Akt-mediated regulation of AR (via 

phosphorylation at Ser 210) may contribute to, but does not solely account for p-XSC-mediated 

inhibition of AR activity and cell viability as inhibition of Akt does not fully attenuate the effects of p-

XSC.  The alternate mechanisms by which p-XSC down-regulates AR transcriptional activity have yet 

to be determined (represented by broken line).
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Statement of Translation Relevance 

 In the current study we show that the organoselenium compound 1,4-

phenylenebis(methylene)selenocyanate (p-XSC) can specifically inhibit mTORC2 signaling in human 

prostate cancer cells, a potentially important clinical target.  Furthermore, we show that when 

combined with the mTORC1 inhibitor rapamycin, the inhibitory effects of p-XSC are synergistically 

enhanced.  The combination of p-XSC and rapamycin represents a superior strategy for the treatment 

of prostate cancer than either agent individually, likely though simultaneous inhibition of multiple 

critical prostate cancer signaling pathways.  Our data provides a strong rationale for continued 

exploration novel combination strategies, with the ultimate goal being clinical application as a means 

for improving prostate cancer survivorship. 
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Abstract 

Purpose:  Preclinical studies and clinical sample analyses have implicated the mammalian target of 

rapamycin (mTOR) pathway in the progression of prostate cancer, suggesting mTOR as a potential 

target for new therapies.  mTOR, a serine/threonine kinase, belongs to two distinct signaling 

complexes: mTORC1 and mTORC2.  We previously showed that the synthetic organoselenium 

compound p-XSC effectively inhibits viability and critical signaling molecules (e.g., androgen receptor, 

Akt) in androgen responsive (AR) and androgen independent (AI) human prostate cancer cells.  

Based on its inhibition of Akt, we hypothesized that p-XSC modulates mTORC2, an upstream 

regulator of the kinase.  We further hypothesized that combining p-XSC with the mTORC1 inhibitor 

rapamycin would be an effective strategy for the inhibition of prostate cancer. 

Experimental design:  The effects of p-XSC and rapamycin, alone or in combination, on viability and 

mTOR signaling were examined in AR LNCaP prostate cancer cells and AI C4-2 and DU145 cells.  

Phosphorylation of downstream targets of mTORC1 and mTORC2 was analyzed by immunoblotting.  

The interactions of mTOR complex proteins were probed through immunoprecipitation and 

immunoblotting.  

Results:  p-XSC inhibits phosphorylation of mTORC2 downstream targets Akt and PCKα and 

decreases levels of rictor, an mTORC2-specific protein, coimmunoprecipitated with mTOR in C4-2 

cells. The combination of p-XSC and rapamycin is significantly more effective in inhibiting viability and 

mTOR signaling in C4-2, LNCaP, and DU145 cells than either agent individually.  

Conclusions: p-XSC specifically inhibits mTORC2 signaling in AI prostate cancer cells.  p-XSC in 

combination with rapamycin is superior to either agent alone at inhibiting prostate cancer cells growth. 
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Introduction 

 Prostate cancer recurrence and androgen independence are enormous obstacles to prostate 

cancer survivorship.  There is an urgent need for the development of effective treatments against 

androgen independent (AI) prostate cancer.  Though the specific mechanisms accounting for the 

transition of androgen responsive (AR) tumors to AI tumors are not well understood, activation of cell 

survival pathways, an important one being the PI3K/Akt/mTOR pathway, is thought to play a 

significant role.  Thus, agents that can modulate such targets may be useful against AI prostate 

cancers.   

 mTOR is a serine/threonine kinase that is involved in a number of important cellular processes 

including protein synthesis, cell cycle progression, ribosome biogenesis and nutrient uptake (1).  

Additionally, mTOR signaling may be a key regulator of cancer cell growth as dysregulation of this 

pathway has been observed in a number of cancer types including prostate (2).  Clinical analyses 

have shown increased expression and constitutive activity of mTOR pathway moleculs in prostatic 

intraepithtelial neoplasia (PIN) and prostate tumors compare with normal tissue (3-5).  mTOR is a 

component of two compositionally and functionally distinct signaling complexes, mTOR complex 1 

(mTORC1) and mTOR complex 2 (mTORC2).  mTORC1 is rapamycin-sensitive and includes the 

mTOR catalytic subunit as well as proteins raptor and mLST-8/GβL.  mTORC1 regulates cap-

dependent translation initiation through phosphorylation of downstream targets 40S ribosomal protein 

S6 kinase (p70S6K) and eukaryotic translation initiation factor 4E-binding protein 1 (4E-BP1) (2).  

mTORC2 is comprised of mTOR, rictor, mSin1, mLST-8/GβL, and PRR5.  This complex activates Akt 

by phosphorylating it at serine 473 (6) and also plays a role in cytoskeletal organization through 

phosphorylation of PKCα (7). 

 Rapamycin selectively inhibits mTORC1 kinase activity.  Clinically, it is commonly used to 

prevent kidney graft rejection and as a component of arterial stents (8).  Based on the preclinical 

effectiveness of mTOR inhibitors against a variety of cancer types, rapamycin-based mTOR inhibitors 
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are being tested alone or in combination in over 150 ongoing trials for the treatment of a broad 

spectrum of malignancies including AI prostate cancer (9).  However, some clinical trials that have 

used rapamycin as a monotherapy, including a phase I/II trial for the treatment of AI prostate cancer 

have had disappointing results (10).  Preclinical studies show that rapamycin in combination with 

other chemotherapeutic agents or signal pathway inhibitors has enhanced efficacy against prostate 

cancer (11-14). 

 Preclinical studies in several laboratories including our own provide evidence supporting the 

potential use of selenium for the treatment of prostate cancer at late stages (15).  Various selenium 

compounds have been shown to modulate key targets clinically linked to prostate cancer progression 

and the development of AI disease (15).  We previously showed that the synthetic organoselenium 

compound 1,4-phenylenebis(methylene)selenocyanate (p-XSC) can modulate the androgen receptor 

and Akt signaling cascades in human prostate cancer cells (16).  In the current study we further 

explored the molecular targets of p-XSC by examining its effects on the mammalian target of 

rapamycin (mTOR) signaling pathway. 

 Based on our previous finding that p-XSC inhibits Akt, we hypothesized a role for mTORC2 

signaling in p-XSC-mediated inhibition of prostate cancer.  We further hypothesized that the 

combination of p-XSC with rapamycin may be an effective strategy for the treatment of prostate 

cancer through inhibition of multiple critical cell signaling pathways.  Like rapamycin, selenium (in 

various forms) has been shown to have enhanced or synergistic effects against prostate cancer when 

combined with other chemopreventive or chemotherapeutic drugs (17-20).  In the current study we 

showed for the first time that p-XSC preferentially inhibits mTORC2 signaling in AI human prostate 

cancer cells.  We also demonstrated that p-XSC in combination with rapamycin is superior to each 

agent alone in inhibiting prostate cancer cell growth.  Further examination of the effects of combining 

p-XSC and rapamycin in prostate cancer cells show that together these compounds can inhibit 
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downstream targets of both mTOR signaling complexes, likely contributing to their synergistic effects 

on cell viability. 

Materials and methods 

Reagents and cell lines 

 Rapamycin was purchased from ALEXIS Biochemicals-Enzo Life Sciences (Plymouth Meeting, 

PA).   p-XSC was synthesized as reported previously (21).  Androgen independent LNCaP C4-2 cells 

were obtained from Dr. Warren D.W. Heston, The Lerner Research Institute, The Cleveland Clinic 

Foundation, OH.  Androgen responsive (AR) LNCaP cells and AI DU145 cells were obtained from the 

American Type Culture Collection (Manassas, VA). 

Cell culture and treatments 

 C4-2 cells were maintained in RPMI-1640 medium supplemented with 10% Fetal Bovine 

Serum (FBS).  LNCaP cells were maintained under the same conditions but with heat inactivated 

FBS.  DU145 cells were cultured in Eagles minimum essential medium with Earle’s balanced salt 

solution and 10% FBS.  All cells were incubated at 37oC in a humidified atmosphere of 5% CO2 and 

were routinely passaged when they were 70-80% confluent.  Cells were plated in 10 cm dishes (1 

million cells/plate) or 96-well plates (5,000 cells/well) depending on the assay, grown for 24 or 48 hr 

and then treated with p-XSC, rapamycin, or a combination of p-XSC and rapamycin at doses 

described below.  The vehicle for both p-XSC and rapamycin was DMSO. 

Detection of protein expression and phosphorylation by immunoblotting 

 Immunoblotting was performed as previously described to determine changes in downstream 

targets of mTOR (22).  Briefly, cells were grown in 10 cm dishes for 48 hr and treated with p-XSC (5 

and 10 µM), rapamycin (10 nM), or a combination of p-XSC and rapamycin (2.5 or 5 µM p-XSC with 1 

or 10 nM rapamycin) for 90 min, harvested by scraping and washed with PBS containing 

phosphatase inhibitors (New England Biolabs, Ipswich, MA).  The doses of p-XSC chosen were 

previously reported by us to inhibit Akt phosphorylation at this time point (16).  Earlier studies in our 
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laboratory also show that 90 min of treatment is sufficient for p-XSC to inhibit phosphorylation of 

molecular targets Akt and the androgen receptor (16).  Protein extraction was carried out using cell 

lysis buffer (20 mM Tris pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM 

sodium pyrophosphate, 1mM β-glycerophosphate, 1 mM Na3VO4, 1 µg/ml leupeptin) with freshly 

added 1 mM phenylmethylsulfonyl fluoride (PMSF).  Equal amounts of protein (50 µg) were separated 

by electrophoresis on either 10 or 12% SDS-polyacrylamide gels and transferred to PVDF 

membranes.  The following primary antibodies were used at dilutions ranging from 1:1000 to 1:500 for 

immunoblotting: Akt, phospho-Akt (Ser473), p70S6K, phospho-p70S6K (Thr 389), RPS6, phoshpo-

RPS6 (Ser 235/236), rictor, raptor, and mTOR from Cell Signaling Technology (Beverly, MA), and 

PKCα and phospho-PKCα (Ser 657) from Millipore (Billerica, MA).  HRP-conjugated anti-mouse and 

anti-rabbit secondary antibodies (Cell Signaling, Beverly, MA) were used at a final dilution of 1:3000.  

Antigen-antibody reactions were developed using ECL reagents from Amersham (Piscataway, NJ) 

and density analyzed using VisionWorks™ software (UVP, Inc. Upland, CA).  All immunoblotting 

experiments were repeated three times.  The results are presented as representative blots from 

single experiments. 

Analysis of protein complex components by immunoprecipitation 

In order to investigate the interactions of mTOR with its mTORC1 and mTORC2 binding partners 

raptor and rictor, respectively, we immunprecipitated mTOR from C4-2 cell lysates.  C4-2 cells were 

grown in 10 cm for 48 hr and then treated with p-XSC (5 and 10 µM), rapamycin (10 nM), or a 

combination of p-XSC and rapamycin (5 µM p-XSC with 10 nM rapamycin) for 15, 30, 60, or 90 min 

or 6 hr.  After treatment, cells were washed with cold PBS and 500 µl of cell lysis buffer with freshly 

added 1 mM PMSF was added to each plate.  The cells were incubated on ice for 5 min, harvested 

by gentle scraping, transferred to microfuge tubes, and sonicated on ice by three 10-sec bursts using 

a Sonic Dismembrator Model 100 (Fisher Scientific, Pittsburgh, PA).  Samples were then centrifuged 

(12,000 x g) at 4oC for 10 min and the supernatants were transferred to fresh tubes.  Equal amounts 
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of protein (200 µg) were incubated with an anti-mTOR primary antibody (Cell Signaling, Beverly, MA) 

at a final dilution of 1:100 and rocked overnight at 4oC.  Next, 20 µl of a Protein A agarose bead slurry 

(Invitrogen, Carlsbad, CA) was added and samples were rocked at 4oC for an additional 2 to 3 hr.  

The protein-antibody-bead complexes were then collected by spinning and washed with cell lysis 

buffer.  Samples were resuspended in 25 µl of 3X SDS-PAGE sample buffer, separated by 

electrophoresis on 7.5% SDS-polyacrylamide gels, and transferred to PVDF membranes for 

immunoblotting analysis.   

MTT assay for cell viability 

 C4-2, LNCaP, and DU145 cells were plated (5000 cells/well) in triplicate in 96 well format.  After 24 

hr, cells were treated with a range of doses of p-XSC (0.625, 1.25, 2.5, 5, 10, and 20 µM), rapamycin 

(0.1, 1, 10, 100, and 1000 nM), or a combination of the two agents including each dose of p-XSC with 

each dose of rapamycin.  After 48 hr, MTT assays were performed as previously described to 

determine cell viability (23).  Analyses were repeated three times and the data averaged.  Results are 

expressed as percent viability compared to the vehicle-only control. 

Median effect analysis for combined effects 

In order to determine if the combination of p-XSC and rapamycin is synergistic, a constant molar ratio 

of p-XSC to rapamycin (5000:1) was chosen and the viability of C4-2 cells treated with a range of 

doses of the two agents at this ratio (2.5, 5, 10, 20, and 40 µM p-XSC with 0.5, 1, 2, 4, and 8 nM 

rapamycin, respectively) was assessed.  The molar ratio of 5000:1 was chosen initially because a 

strong enhancement of inhibition was seen when C4-2 cells were treated for 48 hr with a combination 

of 5 µM p-XSC and 1 nM rapamycin.  Also, these doses are within physiological concentrations of 

selenium and rapamycin achieved clinically (24,25).  C4-2 cells were grown in triplicate in 96 well 

plates (5000 cells/well) for 24 hr, treated with the aforementioned combinations of p-XSC and 

rapamycin for 48 hr, and evaluated by MTT assay for cell viability. 
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The combined interaction effects were evaluated for synergism using the median effect and 

combination index equations described by Chou and Talalay (26-28).  The effects of a given drug on 

cell viability are described by the median effect equation: 

fa/fu = (D/Dm)m, 

where fa and fu are the fractions affected and unaffected, respectively, by a given dose (D).  Dm is the 

dose that elicits the median effect and m is the coefficient of the sigmoidocity of the dose effect curve.  

We generated dose-effect curves and median effect plots [log(D) vs. log(fa/fu)] for  p-XSC, rapamycin, 

and the combination of the two at the constant molar ratio of 5000:1.  The parameters Dm and m were 

determined from the median effect plots.  We assessed the fractional effects associated with the drug 

individually and in combination over a range of concentrations.   

The nature of the interactive effects of p-XSC and rapamycin were evaluated by calculating the 

combination index (CI) defined as:  

CI = (D)1/(Dx)1 + (D)2/(Dx)2 + α(D)1(D)2/(Dx)1(Dx)2, 

where α = 0 and α = 1 for drugs that are mutually exclusive and non-exclusive, respectively.  (Dx)1 

and (Dx)2 are the doses of p-XSC and rapamycin alone required to achieve a given effect level (fa).  

(D)1 and (D)2 are the doses of p-XSC and rapamycin in combination that achieves the same fa.  The 

value of CI reflects synergism when it is < 1, antagonism when it is > 1 and additivity when it is = 1.  

We calculated the CI values for the combination of p-XSC and rapamycin over a range of effect levels 

(0.2 to 0.9). 

Statistical analysis 

 Histogram results are expressed as mean ± standard error.  Statistical significance was 

evaluated using either one or two-factor analysis of variance (ANOVA).  Differences were considered 

significant at p < 0.05. 

Results 

Time-course effects of p-XSC on mTOR complex proteins    
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 To determine if p-XSC interferes with mTOR complex formation, we immunoprecipitated 

mTOR from C4-2 cells treated with 5 and 10 µM p-XSC and probed for co-immunoprecipitated raptor 

and rictor.  Immunoprecipitation was carried  

out after 15, 30, 60, and 90 min of treatment as well as after 6 hr of treatment to evaluate how early p-

XSC mediated changes occur.  No changes in rictor or raptor binding to mTOR were observed after 

15 (data not shown) or 30 min (Figure 1A) of p-XSC treatment.  p-XSC decreased the amount of 

mTORC2 binding protein rictor co-immunoprecipitated with mTOR as early as 60 min after treatment 

(Figure 1A).  This inhibition lasted though 90 min but appeared to attenuate by 6 hr; although the 

rictor levels in cells after 6 hr of treatment with 10 µM p-XSC were still less than in the control 

samples (Figure 1A).  At 6 hr of treatment p-XSC also caused a dose-dependent decrease in the 

amount of immunoprecipitated mTOR that was phosphorylated at Ser 2481, an autophosphorylation 

site suggested to be a biomarker for intact mTORC2 and indicator of mTOR catalytic activity (Figure 

1B) (29,30). 

The effects of p-XSC on mTOR target proteins 

 To determine if p-XSC modulates mTOR signaling, we assessed, by immunoblotting, the 

levels of phospho-p70S6K (Ser 235/236), phospho-Akt (Ser 473), and phospho-PKCα in C4-2 cell 

lysates that had been treated with 5 and 10 µM p-XSC for 90 min. p70S6K is a downstream target of 

mTORC1, whereas Akt and PKCα are downstream targets of mTORC2.  p-XSC, at both doses 

examined, decreased Akt phosphorylation at Ser 473 (as we had also seen previously, 16) and PKCα 

phosphorylation at Ser 657 (Figure 1C).  p-XSC appeared to have little to no effect on the 

phosphorylation of mTORC1 target p70S6K (Figure 1C).  No changes in total p70S6K, Akt, or PKCα 

were observed with p-XSC treatment. 

The effects of p-XSC and rapamycin on prostate cancer cell viability 

 We initially examined the effects of mixtures of p-XSC and rapamycin on viability in the AI C4-2 

line and its AR LNCaP parent cell line by combining four doses of p-XSC (0.625, 1.25, 2.5, and 5 µM) 
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with six doses of rapamycin (0.1, 1, 10, 100, 1000, and 10,000 nM).  Data acquired after 48 hr of 

treatment showed that the combinations of p-XSC and rapamycin, especially those with low-dose 

rapamycin (0.1, 1, and 10 nM), had significantly (p < 0.05) superior efficacy compared with each 

agent individually (Figure 2A).  For example, the combination of 0.1 nM rapamycin with 1.25, 2.5, and 

5 µM p-XSC caused 18.3, 12.3, and 26.8 percent increases in inhibition, respectively.  The addition of 

1 nM rapamycin to 0.625, 1.25, 2.5, and 5 µM p-XSC resulted in 23, 32.2, 27.4, and 37.9 percent 

increases in inhibition of C4-2 cell viability, respectively.    The 10 nM dose of rapamycin enhanced 

inhibition mediated by 0.625, 1.25, 2.5, and 5 µM p-XSC by 19.7, 22.4, 30.1, and 37.6 percent, 

respectively.  When treated with the same mixtures of p-XSC and rapamycin, the LNCaP cells 

showed a similar trend (Figure 2B).  However, the combination was less effective than its AI subline; 

significant (p < 0.05) reductions in viability were only achieved for the combination of 2.5 µM p-XSC 

with 1 µM rapamycin or when 5 µM p-XSC was combined with 1 nM or higher doses of rapamycin.  

Figure 2C shows that while the mixture of 5 µM p-XSC and 1 nM was significantly more effective at 

inhibiting both C4-2 and LNCaP cell viability than either agent individually; DU145 cells, another AI 

human prostate cancer cell line, did not appear to be sensitive to the same combination. 

 The C4-2 cells also achieved the most dramatic decreases in IC50 when p-XSC was combined 

with rapamycin.  Table 1 shows the decreases in IC50 that occurred when one agent at each single 

dose was added to the other.  For example, when 1 nM rapamycin was added to p-XSC, the IC50 

decreased more than 2-fold.  The addition of 5 µM p-XSC brought rapamycin’s IC50 down from the 

micromolar range to sub-nanomolar range. 

Determination of the CI for p-XSC and rapamycin 

 We further evaluated the combination of p-XSC and rapamycin in the C4-2 cells, as these 

were the most sensitive of the prostate cancer cells examined.  Though the above experiments 

showed that treatment with the combination of p-XSC and rapamycin had significant inhibitory effects 

on C4-2 cell viability after 48 hr, they were not sufficient to determine if these effects were synergistic.  
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Thus, to evaluate synergy, we chose a constant molar ratio of p-XSC to rapamycin (5000:1), treated 

C4-2 cells with a range of doses at that ratio, and assayed for viability.  We then used the Chou and 

Talalay method to ascertain if the drug combination was synergistic or merely additive (26-28).  We 

determined the Dm values for p-XSC alone and in combination to be 7.13 and 5.06 µM, respectively.  

For rapamycin, the Dm values alone and in combination were 107.17 and 0.001 µM, respectively.  

The individual median effect plots for p-XSC and rapamycin were not parallel and we therefore could 

not determine exclusivity.  Thus, we calculated the CIs assuming both mutual and non-mutual 

exclusivity (α = 0 and 1, respectively).  All CI values were the same when calculated using both 

values for α except for the two lowest effect levels (0.2 and 0.3) (Table 2).  The CI values for effect 

levels ranging from 0.2 to 0.9 all indicated some degree of synergy, with the degree of synergy 

increasing as the fraction affected increased (Table 2).   

The effects of combining p-XSC and rapamycin on mTOR target proteins 

 We investigated whether combining p-XSC and rapamycin would have an effect on modulation 

of their early molecular targets by treating C4-2 cells with a combination of these agents (2.5 or 5 µM 

p-XSC and 1 or 10 nM rapamycin) for 90 min and then analyzing, by immunoblotting, the effects the 

combination treatment had on phosphorylation of downstream targets of the mTOR pathway.  Results 

showed that the combination of p-XSC and rapamycin more effectively inhibited the phosphorylation 

of the mTORC2 downstream targets Akt and PKCα than either agent at the same dose alone (Figure 

3A).  Treatment with 10 nM rapamycin alone, however was sufficient to eradicate phosphorylation of 

the mTORC1 downstream target RPS6 and we could therefore not determine whether p-XSC caused 

any enhancement of the activity of rapamycin at this dose and time point.  We therefore decreased 

the dose of rapamycin in combination to 1 nM.  The combination of 5 µM p-XSC with 1 nM rapamycin 

was sufficient to inhibit PKCα phosphorylation at Ser 657.  Treatment with 1 nM rapamycin alone still 

decreased RPS6 phosphorylation at Ser 235/236, however, the combination of p-XSC and rapamycin 

further reduced this phosphorylation.  Similar results were also observed in C4-2 cells treated with 2.5 
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µM p-XSC and 1 nM rapamycin, further reinforcing the idea that combination of these two agents can 

be effective at low doses.  Immunoblotting analysis also showed that both the LNCaP and DU145 

cells behaved similarly to the C4-2 cells in that the combination of p-XSC (5 µM) with rapamycin (1 or 

10 nM) could inhibit phosphorylation of both mTORC1 downstream target RPS6 and mTORC2 target 

Akt (Figure 3B).   

Discussion 

 In this study, we found that the synthetic organoselenium compound p-XSC could inhibit 

mTORC2 signaling in human AI prostate cancer cells.  To our knowledge, this is a novel finding and 

the first report of a selenium compound modulating mTOR signaling in prostate cancer.  A recent 

study showed that high doses of inorganic sodium selenate inhibited IGF-1-stimulated 

phosphorylation of Akt and mTOR in HT-29 human colon cancer cells (31).  This study suggests that 

selenate inhibits mTORC1 by both Akt-dependent and independent mechanisms (31).  Our data 

suggest that p-XSC inhibits mTORC2 preferentially, as p-XSC inhibited the phosphorylation of the 

mTORC2 downstream targets Akt and PKCα whereas it had no effect on phosphorylation of 

mTOCRC1 downstream targets.  Also, p-XSC decreased the levels of mTORC2 protein rictor 

associated with mTOR but had no effect on the levels of mTORC1 protein raptor bound to mTOR.  

The present study was designed to look at early changes (t = 90 min) mediated by p-XSC and it is 

therefore possible that changes in mTORC1 signaling after longer exposures to p-XSC may occur. 

 Our findings add another level to our previously proposed mechanism of p-XSC-mediated 

inhibition of prostate cancer cell growth (16).  We propose that p-XSC inhibits mTORC2, which 

subsequently results in inhibition of Akt as well as its other downstream targets contributing to the 

growth-inhibitory effects of the organoselenium compound (Figure 4).  A recent study in PTEN null 

mice showed that mTORC2 was required for the development of prostate cancer caused by the loss 

of Pten but was non-essential in normal prostate, highlighting mTORC2 as a significant target for 

prostate cancer treatment (32).  This further supports the potential of p-XSC for the management of 
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prostate cancer, especially advanced prostate cancer which is frequently characterized by deletion of 

Pten (33,34). 

 In this study we also found that mixtures of p-XSC and rapamycin could more effectively 

inhibited prostate cancer cell viability at lower doses than either agent alone.  After 48 hr of treatment, 

significant increases in inhibition of C4-2 cell viability were observed.  The most promising 

combinations were those comprised of p-XSC with low-dose rapamycin (0.1, 1, and 10 nM).  Not only 

did these mixtures significantly increase the efficacy of these compounds inducing up to 38% more 

inhibition than p-XSC or rapamycin alone, they also had remarkable effects at physiologically relevant 

doses.  The physiological level of rapamycin achieved in patients is on the order of 1 nM, although 

higher trough levels (up to 20 nM) have been reached in some clinical studies with limited side effects 

(10,25,35).  A dose of 5 µM p-XSC, when added to rapamycin, decreased its IC50 from the 

micromolar range to the low-nanomolar range (Table 1).  Similarly, addition of 1 nM rapamycin to p-

XSC decreases its IC50 more than two-fold (Table 1).  The achievement of significant inhibition of 

cancer cell growth using physiologically relevant concentrations of these drugs is of paramount 

importance as the ultimate goal is to use such a strategy clinically.   

 The ideal objective in creating a combination drug strategy is the achievement of synergy.  In 

this study, we used median effect analysis described by Chou and Talalay (16,17) to determine the 

combination index (CI) for p-XSC and rapamycin at a constant molar ratio of 5000:1.  The median 

effect plots generated for p-XSC and rapamycin alone and in combination had correlation coefficients 

greater than 0.9, confirming the applicability of this means of analysis for our study.  We could not 

determine the exclusivity of the mechanisms of action of p-XSC and rapamycin because the slopes of 

their median effect plots were not parallel.  Our analyses indicate that the combination of p-XSC with 

rapamycin at a constant molar ratio of 5000:1 does exhibit synergistic inhibition of C4-2 cell viability.  

The CIs calculated indicate at least a moderate degree of synergism is achieved by combining p-XSC 



 
 

82 

with rapamycin.  The strength of synergy of this combination increased as the effect level increased, 

reaching a maximal degree (CI = 0.684) at 90% inhibition.   

 Our data also show that treatment of C4-2 cells with combinations of p-XSC and rapamycin 

can achieve early target inhibition at concentrations that have little or no effect on their own.  Mixtures 

of 2.5 or 5 µM p-XSC with 1 nM rapamycin successfully inhibit phosphorylation of both mTORC1 and 

mTORC2 downstream targets, likely contributing to their detrimental effects on cell viability.  It would 

be advantageous in the future to further explore the mechanisms by which rapamycin sensitizes AI 

prostate cancer cells to the actions of p-XSC..   

 The effects of combining p-XSC and rapamycin were not specific to the AI C4-2 cell line.  The 

combination was also very effective in the AR LNCaP line as evidenced by its ability to inhibit viability 

and mTOR signaling.  The AI DU145 cell line, although apparently less sensitive to the effects of p-

XSC alone, responded well to the combination of p-XSC with rapamycin.  RPS6 phosphorylation was 

dramatically inhibited in DU145 cells treated with mixtures of p-XSC and rapamycin compared with 

cells treated with the individual agents.  Mixtures of p-XSC and rapamycin at doses higher than 5 µM 

and 1 nM, respectively, inhibited DU145 cell viability more significantly that either agent alone (data 

not shown). 

 Often multiple survival pathways are activated in cancer cells.  The use of combinations of 

agents that inhibit different pathways is an attractive alternative to treatments with a single 

chemotherapeutic drug.  We propose that p-XSC and rapamycin more effectively inhibit prostate 

cancer cell viability than either agent individually, in part, by targeting the two distinct arms of the 

mTOR signaling cascade (Figure 4).  Studies have shown that inhibition of mTORC1 can activate Akt 

(36).  Rapamycin treatment, while suppressing mTORC1 signaling, may be turning on Akt signaling in 

prostate cancer cells.  Thus simultaneous treatment with p-XSC, which inhibits mTORC2 and 

subsequently Akt, and rapamycin may be acting to compensate for feedback activation of this survival 

pathway. 
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 The ability of p-XSC to inhibit mTORC2 signaling, a potentially critical target in cancer 

treatment, is a significant finding in support of its use as a chemotherapeutic tool against advanced 

prostate cancer.  These data together with the finding that rapamycin can enhance the anti-cancer 

effects of p-XSC in C4-2 cells, as well as LNCaP and DU145 cells, provide rationale for continuing 

exploration of this and other organoselenium derivatives, alone or in combination, as a means for 

improving cancer survivorship.  Further characterization of the anti-cancer mechanisms of p-XSC in 

prostate cancer cells will be useful for understanding and subsequently improving cancer treatment 

approaches with organoselenium.  Additional exploration of the effects of p-XSC in combination with 

rapamycin analogs or other signal pathway inhibitors will be valuable for improving the safety and 

efficacy of this treatment strategy.  Finally, investigation of the effects of p-XSC and rapamycin 

individually and in combination on tumorigenesis in animal models of prostate cancer is a necessary 

next step in the evaluation of the potential applicability of these agents to a clinical setting. 
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 Figure and Table Legends 

Figure 1. The effects of p-XSC on mTOR pathway molecules. A.  Levels of mTOR binding proteins 

raptor and rictor co-immunoprecipitated with mTOR from C4-2 cells treated with p-XSC for 30 min, 60 

min, 90 min and 6 hr. B. Immunoblot analysis of mTOR phosphorylation in C4-2 cells treated with p-

XSC for 6 hr. C. Immunoblot analysis of phosphorylated downstream targets of mTOR in C4-2 cells 

treated with p-XSC for 90 min. 

 

Figure 2. The effects of selected combinations of p-XSC and rapamycin on cell viability and IC50 

values (t = 48 hr). A. C4-2 and B. LNCaP cells were treated for 48 hr with a range of doses of 

rapamycin (x-axis; 0.1 - 1000 nM) and p-XSC (z-axis; 0.625 – 5 µM) alone and in combination and 

assayed for viability using the MTT method. C. Comparison of the effects of 5 µM p-XSC and 1 nM 

rapamycin (rapa), alone and in combination, on LNCaP, C4-2, and DU145 cell viability.  Cells were 

treated for 48 hr with 5 µM p-XSC and 1 nM rapa, alone and in combination, and assayed for viability 

using the MTT method.  Results are expressed as percent viability (A570) of control. 

 

Figure 3. The effects of combining p-XSC and rapamycin on mTOR pathway molecules.  Immunoblot 

analysis of phosphorylated downstream targets of mTOR in A. C4-2 cells treated with 5 µM p-XSC 

and 10 nM or 1 nM rapamycin (rapa) or 2.5 M p-XSC and 1 nM rapa. B. Immunoblot analysis of 

phosphorylated downstream targets of mTOR in DU145 and LNCaP cells treated with 5 µM p-XSC 

and 1 or 10 nM rapa. 

 

Figure 4. Proposed scheme for the inhibition of both arms of the mTOR pathway by p-XSC and 

rapamycin in C4-2 cells.  Rapamycin inhibits mTORC1 signaling while p-XSC inhibits mTORC2 

signaling.  p-XSC treatment may offset feedback activation of Akt by rapamycin (represented by 

broken lines). 
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Table 1. IC50 values for p-XSC when combined with varying doses of rapamycin (0.1 - 1000 nM) and 

IC50 values for rapamycin when combined with single doses of p-XSC (0.625 – 5 µM). 

 

Table 2. Calculated values for the combination index (CI) as a function of fractional inhibition (Fa) of 

C4-2 cell viability for a mixture of p-XSC and rapamycin (molar ratio 5000:1).  
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Figures and Tables 
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Figure 3 
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Figure 4 
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Table 1

[Rapa] (nM} IC50 p-XSC (JJM} [p-XSC] (JJM} IC50 Rapa (nM} 

0 7.2 0 49000 

0.1 5.9 0.625 1400 

1 3.5 1.25 570 

10 3.3 2.5 560 

100 2.0 5 0.2 

1000 1.3 



 
 

95 

Table 2 

 

 
Fractional Inhibition Combination Index Description of 

(F,.) (CI) combined effect 
0.2 0.808 Moderate Syner~ism 
0.3 0.724 Moderate Syner~ism 
0.4 0.715 Moderate Syner~ism 
0.5 0.710 Moderate Syner~ism 
0.6 0.705 Moderate Synergism 
0.7 0.700 Svnerqism 
0.8 0.694 Svnerqism 
0.9 0.684 Svnerqism 




